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Section  I 
INTRODUCTION 


A  major  thrust  in  the  development  and  use  of  military  jet  engines  is  cost 
reduction  through  better  life-cycle  management.  Turbine  disks  represent 
an  expensive  engine  component  and  are  currently  being  replaced  before  their 
actual  life  has  been  reached.  One  of  the  reasons  for  this  premature 
replacement  is  the  inability  to  accurately  predict  the  crack- initiation 
life  of  the  disks.  Even  under  simple  loading  conditions,  this  life  cannot 
be  predicted  accurately.  A  major  difficulty  in  predicting  the  crack- 
initiation  life  is  accounting  for  the  high-temperature  effects  of  creep  and 
environmental  attack.  The  relative  importance  of  these  effects  and  how  to 
incorporate  them  into  a  life-prediction  scheme  are  not  well  understood  at 
the  present  time. 

Many  models  have  been  proposed  for  predicting  crack  initiation  at  elevated 
temperature.  Of  these  models  the  following  four  have  been  applied  to  other 
materials  with  piomising  results  and  are  the  subject  of  study  of  the  present 
report  5 

3  2  3 

•  Strainrange-Partitioning  Model  (SRP)  *  ’ 

4  5 

•  Frequency-Separation  Model  (FS)  * 

•  Ostergren  Model^’^ 

Q  Q  If) 

•  Damage-Rate  Model  (DRil)  *  * 

These  models  were  developed  mainly  for  low-strength,  high-ductility  materials. 
The  fatigue  behavior  of  these  materials  in  their  range  of  application  is 
characterized  by  large  inelastic  strain,  few  cycles  to  failure  (<1000), 
and  long  cyclic  periods.  The  materials  used  for  turbine  disks  are  high- 
strength,  low-ductility  nic.kel-base  superalloys.  Their  fatigue  behavior  at 
operating  temperatures  is  almost  exactly  opposite  that  of  the  materials  used 
in  developing  the  above  four  models,  The  fatigiu-  of  disk  materials  is 
characterized  by  small,  almost  non-existent  inelastic  strains,  fatigue  lives 
of  10,000  -  50,000  cycles,  and  cyclic  periods  of  1  -  2  hr. 


1 


-r™  re  rid;:;;: ;r  r 
r  “irr lct 

rs  is  -  “*-*  -  **•—  th.  m*jcm  be 

low-duitiut*  r:;:r; M,Huctmt>  -  w*-..™**, 

nickel-base  euperalloy  ’T*"*  'M’  ‘iet'r"lnttlo»  *  representative 

uperano y,  cast  and  wrought  Rene  n«  v 

of  fatigue  tests—W*  ,  8  95‘  chos*n*  A  series 

x  e  tests  both  continuous  cyeline  tent-e  *<■ 

and  strain-hold  test,  different  frequencies 

noid  teats — was  run  at  1200°F  f650V>  .  .  .  . 

temperature  of  Rene  95  Each  ^  hich  *3  the  0Perat*ng 

r:  r — -  -  zzz 

models  were  compared  to  each  other. 
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Section  II 

EVALUATION  PROCEDURE 


EXPERIMENTAL  PROGRAM 


Material 


The  material  used  to  evaluate  the  models  was  thermomechanically  processed, 
cast  and  wrought  Rend  95 — an  advanced  nickel-base  superalloy  designed  for 
jet-engine  turbine  disks  which  operate  at  1200°F  (650°C) .  Rend  95  has  both 
high  tensile  strength  and  excellent  creep  resistance  at  this  temperature. 

The  processing  and  heat-treatment  procedures  are  given  in  Ref.  11  along 
with  the  chemical  composition.  The  final  product  was  a  circular  pancake, 

15  in.  (38  cm.)  in  diam.  and  1.5  in.  (3.8  cm.)  thick. 

The  thermomechanical  processing  (TMP)  which  the  material  underwent  produced 
a  duplex  microstructure^  as  shown  in  Fig.  1.  The  large  grains  (labled 
B)  were  surrounded  by  very  small  grains  (labled  A)  which  recrystalized 
in  the  grain  boundaries  due  to  TMP.  Further  information  concerning  the 
microstructure  can  be  found  in  Refs.  11  and  16. 

The  tensile  properties  of  Rend  95  at  1200°F  (650°C)  are  given  in  Table  I, 
and  the  stress-strain  curve  is  shown  in  Fig.  2.  The  0.2%  yield  point  was 
175  ksi,  and  the  ultimate  strength  was  210  ksi.  The  modulus  of  elasticity 
and  the  yield  point  were  the  same  in  compression  as  in  tension.  The 
cyclic  stress-strain  curve  was  similar  to  the  monotonic  curve  up  to  1.1% 
strain.*  The  material  had  a  limited  amount  of  ductility,  with  an  elongation 
of  11%. 

At  1200°F  (650°C) ,  Rend  95  appeared  to  be  strain-rate  insensitive. 

Tensile  tests  were  run  in  an  Instron  machine  at  head  rates  ranging 
from  0.002  to  0.5  in. /min.  (0.00508  -  1.27  cm/min.).  Similar 

*The  cyclic  stress-strain  curve  was  determined  from  the  half-life  values 
of  the  tensile  stress  and  strain  in  the  20-cpm  tests. 
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TABLE  I 

TENSILE  PROPERTIES  OF  RENE  95  AT  1200DF  (650°C) 


0.2%  Yield  Stress: 


175  ksl 


i 

l 

1 


1 


Ultimate  Stress:  210  ksi 

Modulus  of  Elasticity:  25,4  x  io^  ksl 

%  Reduction  In  Area:  12% 

X  Elongation:  n% 


STRESS  (ksi) 


stress -sera in  curves  were  obtained  and  no  trend  with  respect  to  strain 
rate  was  evident.*  A  test  was  conducted  in  which  a  single  specimen  was 
cycled  at  rates  of  20,  10,  2V  0  2  and  0.05  cpm,  which  is  a  range  of  over 
two  decades.  Stabilized  hysteresis  loops  for  each  of  these  rates  are  shown 
in  Fig.  3.  There  is  little  difference  in  stress-strain  behavior  between 
these  rates. 

The  creep  properties  of  Rene  95  are  given  in  Table  II.  The  creep  properties 
have  a  large  amount  cf  scatter.  This  is  thought  to  be  due  to  attaching  the 
extensometer  to  the  shoulders  of  the  specimen  and  to  misalignment  of  the 
specimen  caused  by  the  threaded  connections. 

Fatigue  Tests 

The  fatigue  tests  were  performed  using  1/4-in.  (6.35-mm)  diam.  hourglass 
specimens.  The  diametral  strain  was  measured  and  converted  by  an  analog 
computer  into  equivilant  axial  strain.  This  axial  strain  was  controlled 
during  the  test  by  a  servo-hydraulic  testing  machine.  The  specimen  was 
heated  by  an  induction  coil.  A  continuous  srrip-chart  recording  was  made 
of  the  inelastic  strain  and  force  throughout  the  test.  Hysteresis  loops 
were  recorded  at  the  beginning  of  every  test  and  during  some,  but  not  all, 
tests.  A  description  of  the  test  procedure  can  be  found  in  Refs.  17  and  18. 

The  specimen  geometry  used  is  shown  in  Fig.  4.  The  hourglass  section  was 
longitudinally  polished  to  16  rms.  3oth  buctonhead  and  threaded  ends 
were  used,  with  no  effect  upon  the  life  due  to  these  different  ends  being 
observed.  The  specimens  were  taken  in  the  tangential  direction  of  the 
pancake.  The  two  pancakes  used  for  the  specimens  in  this  study  were  cut 
from  the  same  ingot.  Specimens  taken  from  the  first  pancake  had  identifi¬ 
cation  numbers  from  0  to  99  and  those  from  the  second  pancake  from  200  to 
299.  No  difference  in  tensile,  creep,  or  fatigue  behavior  was  observed 
between  the  two  pancakes. 


*Within  the  experimental  accuracy  of  the  extensometry — and  considering 
material  scatter — the  stress-strain  curves  were  similar  and  showed  no 
ordering  with  respect  to  strain  rate. 
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TABLE  II 

CREEP  TESTS  AT  1200 *F  (650* C) 


Specimen  Stress*  Secondary  Creep  Rate 
(ksi)  (In. /in. /min. ) 


Time  to  Failure 
(min . ) 


C-l-B 

180 

5.26  x  io~4 

94 

C-2-B 

171 

4.85  x  io~5 

433 

C-4 

171 

6.90  x  io~5 

430 

219 

160 

4.00  x  xo'5 

960 

C-5 

147 

1,11  x  10“6 

4,147 

47 

147 

1.87  x  io~6 

11,400 

R-20-B 

128 

4.41  x  xo“7 

30,255 

Load 

♦Stress 

Area  at 

1200*?  (650*C) 

mill'****. 


Completely  reversed,  push-pull,  strain-controlled  tests  having  a  zero  mean 
strain  were  performed  at  1200°F  (650°C).  The  testing  program  was  divided 
into  two  parts — baseline  tests  and  verification  tests.  The  former  were 
used  to  establish  the  constants  in  the  models  and  the  latter  to  determine 
whether  the  model  could  predict  the  lives  of  tests  not  used  in  establishing 
the  constants  of  the  model.  The  waveforms  of  the  verification  tests  were 
different  from  those  of  the  baseline  tests. 

In  the  baseline  tests,  continuous  cycling  and  strain-hold  waveforms  were 
used.  The  continuous -eye ling  tests  were  run  at  two  frequencies — 20  and 
0.C5  cycles  per  minute  (cpm).  These  continuous-cycling  tests  are  identified 
as  "20-cpm"  or  "0.05-cpm"  tests.  The  strain-hold  tests  consisted  of  tensile 
strain  holds  (c.p  tests),  compressive  strain  holds  (pc  tests),  and  both  ten¬ 
sile  and  compressive  strain  holds  (cc  tests).*  The  strain  was  held  constant 
for  either  1  or  10  min.  The  waveforms  used  for  the  baseline  tests  are  shown 
in  Fig.  5  and  summarized  in  Table  III.  The  strain-hold  tests  are  identified 
by  a  two-digit  code  x/y,  where  x  is  the  amount  of  time  spent  in  a  tensile- 
strain  hold  and  y  the  amount  of  time  spent  in  a  compressive  strain  hold. 

For  example,  a  test  having  a  1-min.  strain  hold  in  tension  and  compression 
is  called  a  1/1  test,  and  a  test  having  a  1-min.  strain  hold  in  tension  only 
is  called  a  1/0  test. 

In  all  except  the  0.05-cpm  tests,  the  total  axial  strain  was  the  controlled 
variable.  All  the  0.05-cpm  tests  except  one  were  controlled  by  the  axial 
inelastic  strain.  Neither  the  stress-strain  behavior  nor  the  life  appeared 
to  be  influenced  by  controlling  the  Inelastic  strain  instead  of  the  total 
strain.  The  behavior  of  the  one  0.05-cpm  test  (No.  34),  where  total  strain 
was  controlled,  was  similar  to  the  0.05-cpm  tests  where  inelastic  strain 
was  controlled. 


*The  terms  cp,  pc,  and  cc  tests  originated  from  the  Strainrange- 
Partitioning  Model,  and  the  rationale  for  their  use  is  discussed  in  the 
section  on  this  model. 
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TABLE  III 


BASELINE  TESTS* 


Symbol 


Description 


20  cpm  (or  pp) 
0.05  cpm 

1-0  (or  cp) 

10-0  (or  cp) 
0-1  (or  pc) 

0-10  (or  pc) 
1-1  (or  cc) 

10-10  (or  cc) 


Continuous  cycling  at  a  frequency  of  20  cycles/min. 
or  3  sec/cycle. 

Continuous  cycling  at  a  frequency  of  0.05  cycles/min. 
or  20  min. /cycle.  In  all  but  one  of  these  tests, 
the  plastic  strain  was  the  controlled  variable. 

1-min.  hold  time  at  maximum  strain  in  tension. 

20-cpm  ramps  for  the  strain  reversals. 

As  in  1-0,  except  10-min.  hold  time  instead  of  1  min. 

1-min  hold  time  at  maximum  strain  in  compression. 
20-cpm  ramps  for  the  strain  reversals. 

As  in  0-1,  except  10-min.  hold  time  instead  of  1  min. 

1-min.  hold  time  at  maximum  strain  both  in  tension 
and  compression.  20-cpm  ramps  for  the  strain 
reversals. 

As  in  1-1,  except  10-min.  hold  instead  of  1  min. 


★These  tests  were  conducted  at  1200°F  (650®C),  with  an  A  ratio 
on  total  strain  of  infinity.  All  of  the  specimens  testad  were 
of  the  hourglass  configuration. 


U 


The  verification  tests  utilized  waveforms  different  from  those  for  the 
baseline  tests,  which  allowed  examination  of  the  ability  of  a  model  to  pre¬ 
dict  these  other  waveforms.  The  waveforms  used  for  the  verification  tests 
are  shown  in  Fig.  6  and  described  in  Table.  IV.  They  consisted  of  unbalanced 
strain-hold  tests  and  dual-rate  continuous-cycling  tests. 

The  unbalanced  strain-hold  tests  were  similar  to  the  baseline  strain-hold 
tests  except  that  the  strain  was  held  on  the  tensile  side  for  1  min,  and  on 
the  compressive  side  for  10  min.,  or  10  min.  in  tension  and  1  min.  in 
compression.  These  tests  are  identified  by  the  code  10/1  or  1/10,  the  first 
number  being  the  tensile-hold  time  and  the  second  number  the  compressive- 
hold  time.  In  the  intermediate  strain-hold  tests,  the  hold  period  was 
intermediate  between  the  peak  tensile  and  compressive  strains  rather  than  at 
the  peak  strain.  The  purpose  of  this  test  was  to  determine  whether  there  was 
an  order  effect  when  first  plastic  strain  and  then  creep  strains  were  applied 
to  the  test  specimen,  followed  by  more  plastic  strain.  The  intermediate 
rcrain-hold  tests  are  identified  by  the  code  11/0  or  0/11,  where  the  1 
signifies  an  intermediate  hold. 

In  the  dual-rate  continuous-cycling  tests,  a  positive  strain  rate  which 
was  different  from  the  negative  strain  rate  was  employed.  When  the  positive 
strain  rate  was  larger  than  the  negative  strain  rate,  the  test  was  called 
a  fast-slow  test  (F/s) .  When  the  positive  rate  was  smaller  than  the 
negative  rate,  the  test  was  called  a  slow-fast  test  (S/F).  In  all  of  the 
dual-rate  tests,  the  fast  strain  rate  was  20  cpm,  and  the  slow  strain  rate 
was  either  1  cpm  or  0.05  cpm.  These  tests  are  identified  by  a  two-digit 
code  x-y  cpm,  where  x  is  the  positive  strain  rate  and  y  is  the  negative 
strain  rate.  For  example,  a  test  having  a  positive  strain  rate  of  0.05  cpm 
and  a  negative  rate  of  20  cpm  is  called  a  0.05-20  cpm  test. 

On  some  of  the  dual-rate  tests,  the  first  quarter  of  the  strain  in  the 
slow  rate  was  run  at  the  fast  rate,  as  shown  in  Fig.  6,  in  order  to  avoid 
spending  a  long  period  of  time  at  a  high  tensile  or  compressive  load  which 
could  result  in  creep.  In  these  tests  the  strain  rate  was  changed  from 
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TABLE  IV 


VERIFICATION  TESTS* 


Symbol 


Description 


20-0, 05  cpm 
(or  F/S) 

Continuous  cycling  at  two  frequencies.  The  positive 
strain  rate  was  20-cpm  and  the  negative  strain  rate 
was  0.05-cpm.  The  changes  in  strain  rate  occurred 
at  the  peak  tensile  and  compressive  strains. 

20-1/2-0.05  cpm 
(or  F/S) 

As  in  20-0.05-cpm,  except  the  change  from  the  fast 
to  the  slow  strain  rate  occurred  halfway  between 
the  peak  tensile  strain  and  zero  strain. 

0.05-20-cpm 
(or  S/F) 

Continuous  cycling  at  two  frequencies.  The  positive 
strain  rate  was  0.05-cpm  and  the  negative  strain  rate 
was  20-cpm.  The  changes  in  strain  rate  occurred  at 
the  peak  tensile  and  compressive  strains. 

0.05-1/2-20  cpm 
(or  S/F) 

As  in  0.05-20-cpm,  except  the  change  from  the  fast 
to  the  slow  strain  rate  occurred  halfway  between  the 
peak  compressive  strain  and  zero  strain. 

1-1/2-20  cpm 
(or  S/F) 

As  in  0.05-1/2-20-cpm,  except  the  slow  strain  rate 
was  1-cpra. 

11-0 

1-min.  hold  time  before  the  peak  tensile  strain. 
20-cpm  ramps  for  the  strain  reversals. 

0-11 

1-min.  hold  time  before  the  peak  compressive  strain. 
20-cpm  ramps  for  the  strain  reversals. 

10-1 

10-min.  hold  time  at  the  peak  tensile  strain  and 
1-min.  hold  time  at  the  peak  compressive  strain. 
20-cpm  ramps  for  the  strain  reversals. 

1-10 

1-min.  hold  time  at  the  peak  tensile  strain  and 
10-min.  hold  time  at  the  peak  compressive  strain. 
20-cpm  ramps  for  the  strain  reversals. 

*  These  tests  were  conducted  at  12C0°F  (650°C),  with  an  A  ratio  on  total 
strain  of  Infinity.  All  of  the  specimens  tested  were  of  the  hourglass 
configuration. 


the  fast  to  the  slow  strain  rate  halfway  between  the  peak  tensile  or 
compressive  strain  and  the  zero-strain  level.  These  tests  are  identified 
by  means  of  a  "1/2”  between  the  strain  rates,  i.e.,  0.05-1/2-20  cpm. 


PARAMETERS  USED  FOR  EVALUATION  OF  THE  MODELS 

The  predictive  ability  of  a  model  was  assessed  using  four  different 
criteria  concerning  the  ability  of  the  model  to:  1)  correlate  the 
baseline  data;  2)  predict  the  verification  data;  3)  avoid  consistently 
overpredicting  or  underpredicting  any  test  waveforms,  and  4)  conceptually 
predict  the  test  results. 

The  ability  of  the  models  to  correlate  the  baseline  data  was  determined  in 
two  different  ways.  First,  the  scatter  band  of  the  predicted-vs . -observed 
life  was  determined.  The  scatter  band  was  defined  as  the  data  point  having 
the  largest  ratio  of  predicted  to  observed  life  or  the  reciprocal  of  this 
ratio  if  the  ratio  was  less  than  one. 


^  if  N  >  N, 
N,  p  f 


scatter  band  =  over 


data  N, 

—  if  N  f  N, 
N  p  f 

P 


where  is  the  predicted  life  and  the  observed  life.  This  is  the 
conventional  evaluation  technique  for  models  of  creep-fatigue  interaction. 
Second,  the  standard  deviation  between  the  predicted  and  the  observed 
life  was  determined.  The  standard  deviation  is  defined  as 


standard  deviation 


where  n  is  the  number  of  data  points. 


2  (log 


Nf  -  log  Np)2  T 

—1  J 
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This  evaluation  procedure  is  a  measure  of  two  aspects  of  the  predictive 
ability  of  a  model,  the  scatter  band  indicating  how  far  away  from  the  mean 
value  the  data  points  fall,  and  the  standard  deviation  indicating  how 
well  the  data  points  group  about  the  mean  value.  A  model  which  minimizes 
both  of  these  quantities  would  be  the  preferred  model. 

The  lives  of  the  verification  tests  were  predicted  using  constants  in  the 
model  which  were  determined  from  the  baseline  tests.  If  the  predicted 
life  was  within  a  factor  of  two  of  the  observed  1  e,  then  the  model  was 
considered  to  have  been  verified.  If  the  prediction  was  greater  than  two, 
then  the  model  was  considered  to  be  limited  in  applicability  because  of 
its  inability  to  generalize  to  other  waveforms  not  used  in  generating  the 
constants  of  the  model. 

The  life  predictions  of  each  model  for  the  baseline  tests  were  examined 
to  determine  whether  any  test  waveforms  were  consistently  overpredicted 
or  underpredicted.  This  phenomenon  was  termed  segregation  because  the 
data  were  segregated  to  one  side  or  the  other  of  the  best-fit  line. 
Segregation  occurred  because  the  model  was  not  correctly  taking  into 
account  the  material  behavior. 

The  formulation  of  the  model  implied  that  the  material  will  behave  in 
certain  ways.  For  example,  models  that  contain  frequency  terms  predict 
that  the  fatigue  life  will  be  reduced  as  the  frequency  becomes  slower. 

Each  model  was  examined  to  determine  whether  the  material  behavior  during 
the  baseline  and  verification  tests  was  as  the  model  predicted. 

No  attempt  was  made  to  assess  the  applicability  of  the  models  on  the 
basis  of  creep  or  environmental  mechanisms  controlling  the  fatigue  life. 
Studies  of  the  effect  of  environment  as  a  function  of  creep  on  the  fatigue 
life  of  Rene  95  at  1200°F  (650°C)  are  planned.  Also,  fracture  surfaces 
and  metallographic  sections  from  some  of  the  fatigue  specimens  have  been 
examined.  No  definite  conclusions  concerning  intergranular-vs.- 
transgranular  cracking  or  the  damage  from  environment  or  creep  mechanisms 
have  been  reached. 
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Section  III 
EXPERIMENTAL  RESULTS 

The  baseline  data  are  presented  in  Table  V  and  the  verification  data  in 
Table  VI ,  Stress  and  strain  values  were  measured  from  the  strip-chart 
recordings  at  one-half  the  specimen  life.  In  most  of  the  tests,  the 
inelastic  component  of  strain  was  small  as  compared  to  the  elastic 
component . 

As  previously  discussed  in  the  section  on.  Material,  the  stress-strain 
behavior  of  Rene  95  at  1200°F  C65Q*C)  is  rather  insensitive  to  strain  rate. 
The  20-cpm  and  0.05-cpm  fatigue  tests  showed  very  similar  stress-strain 
behavior.  The  half-life  stress  ranges  and  total  strainranges  for  these 
tests  are  shown  in  Fig.  7. 

The  most  noticeable  effect  of  the  strain-hold  waveforms  upon  the  stress- 
strain  behavior  was  shifts  in  the  mean  stress.  Figure  8  is  a  plot  of 
the  mean  stress  as  a  function  of  the  total  strainrange  for  all  baseline 
and  verification  tests.  It  should  be  noted  that  in  the  20-cpm  tests,  a 
small  compressive  mean  stress  existed  which  became  larger  with  decrease 
in  strainrange.  During  the  tensile  strain-hold  tests,  compressive  mean 
stresses  developed,  while  in  the  compressive  strain-hold  tests  tensile 
mean  stresses  developed.  The  mean  stresses  became  greater  as  the  strain- 
range  was  decreased  and  as  the  hold  time  was  increased.  Some  of  these 
mean  stresses  became  large —  +23  and  -41  ksi .  The  unbalanced  strain-hold 
tests  had  a  mean  stress  similar  to  that  of  the  tensile  or  compressive 
strain-hold  tests.  The  10/1  tests  had  compressive  mean  stresses,  and 
the  1/10  tests  had  tensile  mean  stresses.  These  mean  stresses  were  not 
so  large  as  those  in  the  tensile  and  compressive  strain-hold  tests.  The 
balanced  strain-hold  tests  did  not  develop  large  mean  stresses  but  had 
small  compressive  mean  stresses  similar  to  those  in  the  20-cpm  tests. 
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*For  Tests  251  through  259,  the  Jtress  and  strain  at  hold  period 
are  the  stress  and  strain  when  the  strain  rate  changed  from  the 
fast  to  the  slow  rate. 
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The  excellent  creep  resistance  of  Rene  95  at  1200*F  (650*C)  was  observed 
in  the  stress-relaxation  behavior  of  the  strain-hold  testa.  Except  at 
the  higher  strainranges,  only  a  small  amount  of  stress  relaxation  occured; 
at  the  lover  strainranges  virtually  none  was  observed.  Generally,  a 
significant  amount  of  stress  relaxation  occurred  during  the  first  10  sec. 
of  the  hold  period,  with  additional  stress  relaxation  taking  place  during 
the  remaining  50  or  590  sec.  One  example  of  the  stress- relaxation  behavior 
is  given  in  Fig.  9  for  a  balanced  strain-hold  test. 

The  dual-rate  tests  exhibited  time-dependent  behavior  when  the  strain 
rate  was  changed  from  the  fast  to  the  slow  rate.  As  shown  in  Fig.  10, 
when  the  rate  change  occurred  between  the  peak  compressive  or  tensile 
strain  and  the  zero  strain  level,  a  process  similar  to  strain  recovery 
occurred.  In  this  process  the  stress  remained  almost  constant  although 
the  total  strain  was  decreased.  When  the  rate  change  occurred  at  the 
peak  tensile  or  compressive  strain,  stress  relaxation  took  place,  as 
shown  in  Fig.  11. 

The  lives  of  the  fatigue  tests  were  longer  than  the  transition  fatigue 
life,  which  is  approximately  72  cycles.  The  transition  fatigue  life  is 
defined  as  the  number  of  cycles  where  the  elastic-strain-vs-life  lire  and 
the  inelastic-strain-vs-life  line  intersect  for  the  20-cpm  tests,  as 
shown  in  Fig.  12.  Some  of  the  fatigue  test  lives  were  over  two  decades 
longer  than  the  transition  life. 

The  lives  of  the  baseline  fatigue  tests  plotted  as  a  function  of  the  total 
strainrange  are  shown  in  Fig.  13.  Based  on  the  total  strainrange,  the 
most  damaging  baseline  waveforms  were  the  compressive  strain-hold  tests 
and  the  balanced  strain-hold  tests.  The  life  reduction  became  greater 
as  the  hold  time  became  longer.  The  least  damaging  baseline  waveforms 
were  those  for  the  20-cpm  and  the  tensile  strain-hold  tests. 
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Figure  11  Hysteresis  Loops  of  20-0.05  cpm  and  0.05-20  cpm  Tests  With  Their 
Companion  Specimens  Indicating  Stress  Relaxation 
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The  lives  of  the  baseline  fatigue  tests  plotted  as  a  function  of  the 
inelastic  strainrange  are  shown  in  Fig,  14.  Based  upon  the  inelastic 
strain,  the  most  damaging  baseline  waveforms  were  the  compressive  hold 
tests  and  the  0.05-cpm  tests.  The  balanced  hold  tests  were  not  as 
damaging  at  the  lower  strainranges .  The  least  damaging  baseline  tests 
were  the  tensile  hold  tests — especially  at  lower  strainranges — and  the 
20-cpm  tests. 

As  shown  in  Figs.  13  and  14,  the  fatigue  life  was  sensitive  to  frequency, 
although  the  stress-strain  behavior  was  not.  The  0.05-cpm  tests  had 
shorter  lives  than  the  20-cpm  tests  for  similar  strainranges,  but  they 
did  not  have  smaller  stress  ranges,  as  shown  in  Figs.  3  and  7. 

The  validation  dav-*  are  also  plotted  in  Figs.  13  and  14,  along  With  the 
baseline  data.  Based  upon  either  the  inelastic  or  total  strainrange, 
the  intermediate  strain-hold  tests  had  longer  lives  than  the  tension  or 
compression  strain-hold  tests.  Based  upon  these  same  strainranges,  the 
unbalanced  strain-hold  tests  had  lives  between  those  of  the  tension  and 
compression  strain-hold  testa.  Holding  the  strain  only  at  the  peak 
tensile  or  peak  compressive  stress  produced  the  most  severe  effects  on 
test  life. 

The  lives  of  two  of  the  dual-rate  tests  plotted  as  a  function  of  the 
total  or  inelastic  strainrange  were  irregular.  When  compared  to  the 
other  dual-rate  tests,  these  tests  had  very  short  lives.  Specimen 
262 — a  0.05-1/2-20  cpm  test  at  1.8%  total  strainrange — and  Specimen  252 — 
a  0.05-20  cpm  test  at  1.4%  total  strainrange — had  very  short  lives  of 
60  and  194  cycles,  respectively.  These  very  short  life  tests  are  felt 
to  be  valid.  The  test  specimens  had  multiple  crack-initiation  sites 
which  Indicates  that  the  short  life  was  not  due  to  an  inclusion  or 
void  contained  in  the  specimen. 
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Except  for  Specimens  262  and  252 ,  the  lives  of  the  other  dual- rate  tests 
were  not  much  shorter  than  those  of  the  20-cpm  tests  when  compared  on 
the  basis  of  total  strainrange  but  were  much  shorter  when  compared  on 
the  basis  of  inelastic  strainrange. 

An  attempt  was  made  to  assess  the  experimental  scatter  inherent  in  the 

material.  The  following  test  conditions  were  replicated:  three 

20-cpm  tests  at  1.6%  and  0.9%  total  strainrange  each;  three  1/0  tests 

at  1.0%  total  strainrange;  two  0/1  tests  at  1.6%  total  strainrange; 

and  two  1/1  tests  at  1.0%  total  strainrange.  The  results  are  given 

in  Table  V.  The  scatter  in  test  lives  was  12%,  38%,  92%,  5%,  and 
* 

6%,  respectively.  The  52%  scatter  for  the  1/0  tests  should  be  viewed 
with  caution  because  the  mean  stress  for  these  tests  varied  from 
-23.5  ksi  (-162  MPa)  for  the  shortest  life  to  -38.1  ksi  (-263  MPa) 
for  the  longest  life.  Thus,  the  scatter  in  life  may  have  been  due  to 

the  various  mean  stresses,  which  is  a  scatter  in  the  stress-strain-time 

•f 

behavior  rather  than  in  the  life  shavior. 

Based  upon  these  replication  tests,  the  scatter  in  the  material  was  at 
most  ±  92%,  or  about  a  factor  of  two.  If  the  ±  92%  scatter  were  to  be 
rejected  due  to  mean  stress  variation,  then  the  next  highest  scatter 
would  be  ±  38%,  or  about  a  factor  of  1.4.  It  should  be  pointed  out 
that  this  limited  number  of  replication  tests  probably  does  not  provide 
a  statistically  meaningful  measure  of  the  scatter  in  the  material.  The 
scatter  may  be  higher  than  ±  38%.  Based  upon  the  author's  experience 
with  this  particular  program,  the  scatter  did  not  appear  to  be  greater 
than  ±  100%,  or  a  factor  of  2. 

*  Scatter  in  test  lives  ■  [(longest  life-shortest  life) /shortest  life)  *  100). 

fScatter  in  the  stress-strain-time  behavior  means  that  the  stress  and 
inelastic  strain  are  not  the  same  for  different  specimens  cycled  under 
the  same  waveform.  Scatter  in  the  life  behavior  means  that  the  life  is 
not  the  same  for  different  specimens  having  the  same  stresses  and  strains. 

If  specimens  cycled  under  the  same  waveform  develop  the  same  stresses 
and  strains,  i. e. ,  no  scatter  in  the  stress-strain-time  behavior,  then 
differences  in  the  life  can  be  attributed  to  scatter  in  the  life  behavior. 
However,  if  the  stresses  and  strains  are  different,  then  the  lives  would 
be  expected  to  be  different,  and  it  would  not  be  possible  to  determine 
the  scatter  in  the  life  behavior. 
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Section  IV 


MODELS 


STRAINRANGE  PARTITIONING  MODEL 

12  3 

The  Stralnrange  Partitioning  (SRP)  Model  *  *  extends  the  Manson-Coffin 
Law^’^0  which  is  valid  at  room  temperature,  to  high  temperature  by 
considering  the  interaction  of  time-dependent  inelastic  strains  and  time- 
independent  inelastic  strains.  The  time-dependent  Inelastic  strain  Is 
identified  as  creep  strain,  and  the  time-independent  inelastic  strain  is 
identified  as  plastic  strain  or  plasticity.  At  room  temperature,  all 
inelastic  strain  caused  by  tensile  loading  is  plastic  strain,  and  it  is 
reversed  by  plastic  strain  caused  by  compressive  loading.  At  high 
temperature,  both  creep  and  plastic  strains  can  occur  during  tensile 
loading,  and  these  Inelastic  strains  are  reversed  by  a  combination  of 
creep  and  plastic  strains  during  compressive  loading.  The  manner  in 
which  these  different  types  of  inelastic  strains  are  postulated  to 
reverse  themselves  is  the  basis  of  the  SR?  model. 

A  typical  high-temperature  hysteresis  loop  is  shown  in  Fig.  15.  From 
Point  1  to  Point  2,  the  load  is  rapidly  applied;  therefore,  only  plastic 
strain  can  occur.  At  Point  2  the  load  is  held  constant,  and  the  material 
is  allowed  to  creep  to  Point  3.  When  Point  3  is  reached,  the  load  is 
reversed  and  the  material  is  loaded  to  Point  4.  The  loading  from  Points 
3  to  4  is  done  rapidly  enough  that  only  plastic  strain  occurs.  When 
Point  4  is  reached,  the  load  is  held  constant  and  the  material  creeps 
to  Point  1.  When  Point  1  is  reached,  the  cycle  repeats  itself.  The 
Inelastic  strain  due  to  tensile  loading  is  composed  of  plastic  strain  from 
Point  1  to  2  and  creep  strain  from  Point  2  to  3.  The  amount  of  plastic 
strain  is  represented  by  line  segment  AC,  and  the  amount  of  creep  strain 
is  line  segment  CD.  This  tensile  inelastic  strain  is  reversed  by  the 
inelastic  strain  caused  by  compressive  loading.  This  compressive  Inelastic 
strain  is  composed  of  plasticity  from  Point  3  to  Point  4  and  creep  from 
Point  4  to  1.  The  amount  of  plasticity  is  line  segment  DB,  and  the  amount 
of  creep  is  line  segment  BA. 
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The  SRP  model  postulates  that  the  compressive  plastic  strain  reverses 

the  tensile  plastic  strain  and  that  the  compressive  :reep  strain  reverses 

the  tensile  creep  strain.  This  process  of  the  compressive  plastic  strain 

reversing  the  tensile  plastic  strain  is  designated  the  strainrange  Aepp, 

and  the  compressive  creep  strain  reversing  tensile  creep  strain  is  the 

strainrange  Ae  .  If  there  is  insufficient  compressive  plastic  strain 
cc 

to  reverse  all  of  the  tensile  plastic  strain,  then  the  extra  tensile 
plastic  strain  is  reversed  by  compressive  creep  strain.  This  tensile 
plastic  strain  reversed  by  compressive  creep  strain  is  the  strainrange 
Ae^.  If  there  is  insufficient  compressive  creep  strain  to  reverse  all 
of  the  tensile  creep  strain,  then  the  extra  tensile  creep  strain  is 
reversed  by  compressive  plastic  strain.  This  tensile  creep  strain 


reversed  by  compressive  plastic  strain  is  the  strainrange  Ae^.  Ae^ 

and  Ae  cannot  occur  in  the  same  hysteresis  loop  because  there  can 
cp 

only  be  a  deficiency  in  compressive  plastic  strain  or  compressive 


creep  strain,  but  not  both. 


For  the  hysteresis  loop  in  Fig,  15,  the  tensile  plastic  strain  of  AC  is 
reversed  by  the  r impressive  plastic  strain  of  DB.  Since  DB  is  less  than 
AC,  there  is  insufficient  compressive  plastic  strain  available  to  reverse 
all  of  the  tensile  plastic  strain.  Some  of  the  compressive  creep  strain 
must  be  used  to  reverse  the  remaining  tensile  plastic  strain  of  AC-DB. 

The  tensile  creep  strain  of  CD  is  entirely  reversed  by  the  compressive 
creep  strain  AC.  Thus,  in  Fig.  15,  the  values  of  the  partitioned 
strainranges  are  as  follows: 

Ae  -  DB 
PP 

Ae  ■  0 
cp 

Ae  -  AC-DB 
pc 

Ae  ■  CD 
cc 


*  The  first  subscript  is  the  type  of  inelastic  strain  in  tension,  and 
the  second  subscript  is  the  type  of  inelastic  strain  in  compression 
that  reverses  the  tensile  inelastic  strain. 


The  general  rules  for  psrtltlonlng  ths  lnslsstlc  strain  can  be  given  with 
reference  to  Fig.  15 

lesser  of  AC  or  DB  if  AC  +  0  or  DB  +  0 


Ae  - 
PP 


0  if  AC  -  0  or  DB  -  0 


CD-BA  if  CD  >  BA 

Ae  -  . 
cp 

.  0  if  CD  <  BA 
'AC-DB  if  AC  >  DB 


Ae  m 
pc 


Ae 


cc 


0  if  AC  <  DB 
“ lesser  of  CD  or  BA  if  CD  /  0  or  BA  /  0 

« 

.0  if  CD  -  0  or  BA  -  0 


According  to  the  SKP  model,  the  Manson-Coffin  Law 

Mf  ■  C4Einel6 


(1) 


is  valid  only  when  no  creep  strain  occurs.  For  this  case  the  inelastic 
strain  is  all  tensile  plasticity  reversed  by  compressive  plasticity  or 
Aepp.  Thus,  according  to  the  SRP  model,  the  Kanson-Coffin  Law  could  be 
rewritten  in  terms  of  Ae 

PP 


O 

N  “  C  Ae.  ,  pp 
pp  pp  inel 


(2) 


where  Npp  is  the  cycles  to  failure  if  Aeine^  is  totally  made  up  of  pp 

strain,  and  C  and  B  are  constants.  It  is  conceivable  that  tests  could 
PP  PP 

be  run  where  the  entire  inelastic  strain  in  the  hysteresis  loop  would  be 
cp,  pc,  or  cc  strain.  For  each  of  these  tests,  a  different  number  of 
cycles  to  failure  would  be  expected.  Thus,  the  SRP  model  proposes  a  rela¬ 
tion  between  each  of  these  types  of  strain  and  the  life  which  is  similar 
to  the  one  written  for  pp 
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%  *  Vm1” 

<3> 

N  ■  C  Ae,  . ®pc 
pc  pc  inel  r 

(4) 

N  -  C  Ae,  ,Scc 
cc  cc  inel 

(5) 

where  N  . 

cc  strain; 

N  ,  and 
pc' 

and  C  , 
cp 

N  ■  cycles  to  failure 

CC 

C  *  c  ,  8  ,  B  »  and 

pc  cc  cp  pc 

if  Ae^^  is  all  cp,  pc,  or 

B  are  constants . 
cc 

When  the  inelastic  strain  is  not  of  one  type,  as  in  Fig.  15,  some  method 
is  required  for  combining  the  four  strainranges  in  order  to  predict  the 

2 

cycles  to  failure.  The  SRP  model  makes  use  of  the  interaction  damage  rule 

h 

to  accomplish  this  combination  and  life  prediction. 


N, 


f  f  f  f 

_££  +  _££  +  -ES.+  _£c 

N  N  N  N 

pp  cp  pc  cc 


(6) 


where  f  - 
PP 

Ae  /Ae,  , . 
cc  inel 


Ae  /Ae,  f  -Ae  /Ae.  . ;  and  f  ■ 
cp  inel  pc  pc  inel  cc 

and  N_ .  are  given  in  Eqs.  (2) -(5).]  The 


Ae  /Ae.  f  1 
pp  inel  cp 

pp’  cp  pc  cc 

interaction  damage  rule  states  that  the  amount  of  damage  done  by  each  type 

of  strain  is  its  fraction  of  the  inelastic  strain  times  the  Inverse  of 

the  cycles  to  failure  if  all  the  inelastic  strain  in  the  hysteresis  loop 

was  of  that  type  of  strain.  When  the  sum  of  these  damages  is  taken, 

the  cycles  to  failure  of  the  test  is  the  inverse  of  this  sum. 


In  practice,  it  is  not  possible  to  achieve  hysteresis  loops  that  are 
entirely  cp,  pc,  or  cc.  In  order  to  achieve  pure  cp,  pc,  or  cc  strains, 
all  inelastic  strain  due  to  plasticity  must  be  avoided  in  the  same  half 
of  the  hysteresis  loop  in  which  the  creep  strain  occurs.  The  only  way  to 
avoid  inelastic  strains  due  to  plasticity  is  to  keep  the  stresses  below 
the  proportional  limit ,  here  the  material  creeps  at  a  slow  rate. 

Thus,  a  long  time  is  required  to  achieve  a  measureable  amount  of 
creep  strain.  For  Rend  95,  these  times  are  on  the  order  of  hours.  A 
test  which  lasts  2,000  cycles  and  one  cycle  is  complete  in  4  hr. 
would  require  about  one  year  to  run.  This  is  both  impractical  and 
uneconomical . 

*  Originally  the  linear  damage  rule*  was  used  to  predict  the  life. 
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V 


It  was  impossible  to  run  *  test  that  vas  purely  cp,  pc,  or  cc;  therefore, 

In  the  tests  run  to  determine  the  constants  in  Eqs.  (3)-(5),  pp  strain 

as  veil  as  the  strain  of  interest  vas  present.  It  vas  necessary  to  use 

the  Interaction  damage  rule  to  separate  the  pp  damage  frotn^  the  damage  of 

Interest  in  these  tests.  In  order  to  perform  this  separation,  the  constants 

for  the  pp  stralnrange  in  Eq.  (2)  were  first  determined.  These  constants 

were  found  by  using  the  continuous-cycling  tests  at  20  cpm,  which  was 

sufficiently  rapid  that  all  the  inelastic  strain  vas  Aepp.  Using  the 

constants  in  Eq.  (2),  the  value  of  Npp  in  the  interaction  damage  rule  for 

each  of  these  tests  was  found.  The  interaction  damage  rule  was  then 

solved  for  the  value  of  II  or  N  „ 

cp  pc 


1  PP 

Nf  N 
f  PP 


1  PP 

N*  N 
f  pp 


The  value  of  the  constants  in  Eqs.  (3)  and  (4)  was  then  determined  since 

the  value  of  N  or  N  and  Ae.  ,  for  each  of  the  tests  vas  known.  For 

cp  pc  inel 

the  tests  having  cc  and  pp  strain,  some  cp  or  pc  strain  occurred  as  well. 

The  amount  of  damage  done  by  the  cp  and  pc  strain  was  determined  in  the 

same  manner  as  the  dumage  done  by  the  pp  strain.  After  solving  for  N  , 

PP 

N  ,  and  N  ,  the  interaction  damage  rule  was  rewritten  to  solve  for  N 
cp  pc  °  cc 

i  4 

f 

„  cc 

N  -  - c - i - s — 

cc  „  f  f  f  i 

J _ 

N,  N  N  N 

f  pp  cp  pc 

Having  the  values  of  Ncc  and  Aeinel  for  each  test,  the  constants  in  Eq.  (5) 
were  determined. 
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A  least-equareB  routine  was  used  to  determine  the  constants  in  Eqs.  (2)- 

(5).  The  logarithm  of  each  side  of  the  equation  was  taken  in  order  to 

linearise  the  equation .  The  inelastic  strain  was  considered  to  be  the 

Independent  variable:  and  N  ,  N  ,  N  »  or  N  was  considered  to  be  the 

pp  cp  pc  cc 

dependent  variable. 

The  values  of  the  plastic  and  creep  strains  could  not  be  determined  from 
hysteresis  loops  because  these  loops  were  not  always  available.  Instead,  these 
values  rare  determined  from  the  strip-chart  recordings  of  the  inelastic 
strain  and  the  applied  force  since  these  recordings  were  made  throughout 
the  test.  The  values  of  the  strains  and  forces  at  one-half  the  specimen 
life,  Nf/2,  were  used  because  the  values  at  this  point  are  commonly 
accepted  as  being  representative  of  the  test.  An  example  of  the  strip 
charts  for  a  cp  test  is  shown  in  Fig.  16.  A  stress-relaxation  period  has 
been  used  between  Points  2  and  3  to  produce  creep  strain;  this  period 
was  used  rather  than  a  period  where  the  load  is  held  constant.  The  value 
of  was  determined  by  measuring  the  vertical  distance  between 

Points  1  and  3  on  the  inelastic-strain  strip  chart.  On  this  same  strip 
chart,  the  vertical  distance  between  Points  2  and  3  was  taken  to  be  the 
amount  of  tensile  creep  strain.  However,  the  location  of  Point  2  could 
not  be  determined  accurately  because  the  line  from  1  to  2  is  written 
over  the  line  from  3'  to  1.  The  point  where  the  curve  from  2  to  3 
departs  from  the  line  3*  to  1  is  determined  from  the  width  of  the  ink  lines 
and  lies  somewhere  in  the  band  on  Fig.  16.  In  order  to  overcome  this 
difficulty,  the  amount  of  force  that  was  relaxed  during  the  strain-hold 
period  was  used  to  calculate  the  amount  of  creep  strain 


where  e  is  the  tensile  creep  strain,  F  is  the  relaxed  force,  E  the 

tC  V 

modulus  of  elasticity,  and  A  the  area  of  the  specimen.  The  amount  of 
relaxed  force  is  represented  by  the  vertical  distance  ^etween  Points  2 
and  3  on  the  force  strip  chart. 
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Using  the  procedure  outlined  above,  the  equations  for  the  partitioned 
strainranges  were  determined 


N  -  0.777  Ae,  . 
pp  lnel 


-1.30 


N  -  1.40  Ae .  , 

cp  inel 


-0.882 


N  -  0.429  Ae,  - 
pc  inel 


-0.870 


(7) 


N  -  0.130  Ae.  , 
cc  inel 


-1.20 


These  equations  and  the  data  used  to  generate  them  are  presented  in 

Figs.  17  (a-e),  and  the  data  are  given  in  Table  VII  The  constants 

in  the  above  equations  are  not  identical  to  those  given  in  the  previous 
14 

analysis  because  a  slightly  larger  data  base  was  used  in  the  present 
analysis.  The  constants  for  the  two  analyses  produce  nearly  identical 
lines  through  the  data. 


Specimen  Nos.  4  and  16  were  not  used  to  determine  the  constants  in 
Eqs.  (4)  and  (5)  becausa  the  percent  cc  damage  of  No.  4  was  less  than 
10%  and  No.  16  could  not  be  accurately  partitioned.  Also,  the  0.05-cpm 
tests  were  not  used  to  determine  the  constants  in  Eq.  (5).  These  tests 
could  not  be  directly  partitioned  from  the  individual  test  results. 

All  of  the  cp  tests  with  lives  greater  than  5000  cycles  had  negative 

values  for  N  because  these  tests  lasted  longer  than  pp  tests  having 
cp 

the  same  inelastic  strainrange.  According  to  the  interaction  damage  rule 

N 

if  N.  >  ,  then  N  <0. 

f  f  ’  cp 

PP 

A  negative  value  of  N  indicates  that  the  cp  strain  exerts  a  healing 

effect  to  increase  the  specimen  life.  It  should  be  noted  that  all  the  cp 

tests  having  negative  values  of  N  also  had  large  compressive  mean  stresses. 

cp 

-  f 

4  Percent  cc  damage  -  ^  x  Nf  x  100.  It  is  the  percentage  of  life 

CC 

that  can  be  attributed  to  cc  danage. 


Npp  (CYCLES) 


Figure  17a  Inelastic  Strainrange  as  Function  of  N 
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Figure  17b 


Inelastic  Stralnrange  as  Function  of  N 

cp 
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f. 


TABLE  VII 


PARTITIONED  STRAINRANGES 


Rend 

95  -  1200° 

F  (650° 

C) 

(Values  are 

in  %) 

SPEC. 

TYPE 

NO. 

OF  TEST 

Err 

ECP 

EPC 

ECC 

17 

20CPM 

.5300 

.0000 

.0000 

.0000 

18 

20CPM 

.4080 

.0000 

.0000 

.0000 

224 

20CPM 

.2500 

.0000 

.0000 

.0000 

22 

20CPM 

.3110 

.0000 

,0000 

.0000 

240 

20CPM 

.2850 

.0000 

.0000 

.0000 

26 

20CPM 

.2167 

.0000 

.0000 

.0000 

27 

20CPM 

.1040 

.0000 

.0000 

.0000 

255 

20CPM 

.0237 

.0000 

.0000 

.0000 

29 

20CPM 

.0177 

.0000 

.0000 

.0000 

30 

20CPM 

.0116 

.0000 

.0000 

.0000 

234 

20CPM 

.0130 

.0000 

.0000 

.0000 

235 

20CPM 

.0085 

.0000 

.0000 

.0000 

239 

20CPM 

.0130 

.0000 

.0000 

.0000 

23 

•05CPM 

.4320 

.0000 

.0000 

.0180 

24 

.05CPM 

.3360* 

.0000 

.0000 

*.0140 

20 

. 05CPM 

.2400* 

.0000 

.0000 

*.0100 

25 

.05CPM 

.1728* 

.0000 

.0000 

*.0072 

34 

.05CPM 

.1200 

.0000 

.0000 

.0000 

19 

. 05CPM 

.1000 

.0000 

.0000 

.0000 

♦Values  estimated  by  assuming  that  fpp  and  fCc  of  Specimens  24,  20 
and  25  were  equal  to  those  of  Specimen  23.  This  is  a  conservative 
assumption. 
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$P£C. 

HO* 

245 

5 

10 

7 

12 

39 
38 

233 

33 

237 

228 

40 

6 

U 

14 

a 

13 

241 

16 

238 

222 

41 
2  53 

1 

2 
32 

9 

4 

15 

229 

28 

31 

230 


TABLE  VII  (Continued) 
PARTITIONED  STRAINRANGES 
Rene  95  -  1200*P  (650*C) 
(Values  are  In  X) 


TYPE 
OF  TEST 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1  0-0 
10-0 

0-1 

0-1 

0-1 

0-1 

0-1 

0-1 

0-1 

0-1 

0-10 

0-10 

0-10 

1-1 

1-1 

1-1 

1-1 

1-1 

1-1 

1-1 

10-10 

10-10 

10-10 


EPP 

.5371 
.4468 
.2620 
.  1745 
.0630 
.0701 
.  0431 
.0530 
.0360 
.0412 


ecp 

.1199 
.  0752 
.  0350 
.  0315 
.  0063 
.  0169 
.  0059 
.  0075 
.  0020 
.  0047 


EPC 

.  0000 
.  0000 
.0000 
.  0000 
.0000 
.0000 
0000 
.0000 
0000 
0000 


ecc 

.  0000 
.0000 
.0000 
.  0000 
•  0000 
.0000 
.0000 
•  0000 
.0000 
.0000 


.1552 

.  0298 

.  0000 

.0000 

•  1016 

.  0244 

.0000 

.0000 

.3699 

.  0000 

.0  591 

.0000 

.4058 

.  0000 

.  0622 

.0000 

.2819 

•  0000 

.0421 

.0000 

.1676 

.  0000 

.0244 

.0000 

.0686 

.  0000 

.0091 

.0000 

.0435 

.  0000 

.  0055 

•  0000 

a 

a 

a 

a 

.0225 

.  0000 

.0055 

.0000 

.1160 

•  0000 

.0199 

.0000 

.1299 

•  0000 

.0551 

•  0000 

.0278 

.0000 

.0027 

.0000 

.4374 

.0276 

.  0000 

.0850 

.2758 

.0181 

.0000 

.0551 

.1628 

•  0102 

.  0000 

.0280 

.  0874 

.  0000 

.0051 

.0295 

.0735 

.  0161 

.0000 

.0264 

.0536 

.  0043 

.0000 

.0201 

.0245 

.  0000 

.0000 

.0000 

.  4860 

.  0272 

.0000 

.1878 

.3041 

.  0232 

.0000 

.1697 

•  0836 

.0136 

.0000 

.0596 

*Could  not  accurately  partition. 
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TABLE  VII  (Continued) 
PARTITIONED  STRAINRANCES 
R«ne  95  -  1200*F  (650*C) 


(Values  are 

In  X) 

SPEC. 

NO. 

TYPE 

OF  TEST 

EPP 

EC  P 

EPC 

ECC 

251 

262 

20-0. 05  cpm 
20-1/2-0.05  cpm 

0.0867 

a 

0.0118 

a 

0.0000 

a 

0.0000 

a 

261 

1-1/2-20  cpm 

a 

a 

a 

a 

256 

252 

260 

259 

0,05-1/2-20  cpm 
0. 05-20  cpm 
0,05-1/2-20  cpm 
0.05-1/2-20  cpm 

a 

0.0584 

a 

a 

a 

0 . 0000 
a 

a 

a 

0.0080 

a 

a 

a 

0.0000 

a 

a 

242 

246 

244 

11-0 

u-o 

11-0 

.3710 

.3470 

.2270 

.0512 
•  0650 
.  0394 

•  0000 
.0000 
.0000 

.0000 
•  0000 
.0000 

247 

0-11 

.2980 

.  0000 

.0579 

.0000 

227 

223 

10-1 

10-1 

.1984 
•  1128 

.  0417 
.  0248 

.  0QO0 
.0000 

.0520 

.0209 

226 

225 

1-10 

1-10 

.1584 

.1137 

.  0087 
.0063 

•  0000 
.0000 

.0539 

.0417 

3  v 

3  *! 


j  .s' 


5 

4 

4  -j 
•  1 

j 


3 


4 

1 


aCould  not  partition.  See  text  for  reasons. 
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These  mean  stresses  might  be  responsible  for  prolonging  the  life  of  the 

cp  tests  over  the  pp  tests  and  thus  causing  the  negative  values  of  N  . 

Since  a  negative  number  cannot  be  used  in  the  power-law  relation  between 

N  and  Ac  ,  Eq.  (3),  these  tests  were  not  used  in  determining  the  cp  line, 
cp  cp 

The  SEP  life  predictions  of  the  baseline  data  are  given  in  Table  VIII 
and  are  shown  in  Fig.  18a.  The  scatter  band  was  5. A,  and  the  standard 
deviation  was  0.23.  The  0.05-cpm,  0/10,  and  long-life  1/0  tests  were 
not  well  predicted.  The  predicted  lives  for  these  tests  were  either 
greater  than  two  and  one-half  times  the  observed  life  or  less  than 
one-fifth  the  observed  life. 

21 

The  0.05-cpm  tests  were  partitioned  by  the  companion-specimen  method. 

A  companion  specimen  was  cycled  at  the  same  strainrange  as  the  test 

specimen  at  20  cpm  until  the  stresses  stabilized,  and  then  it  was  cycled 

under  the  same  stresses  at  0.05  cpm  until  the  strains  stabilized.  The 

difference  between  the  stabilized  inelastic  strainranges  of  the  20-cpm 

and  0.05-cpm  hysteresis  loops  was  attributed  to  creep  strain  and  taken 

to  be  the  Ae  strainrange.  The  inelastic  strain  of  the  test  specimen 
cc 

was  partitioned  by  assuming  that  the  value  of  fcc  and  fpp  for  the  test 

specimen  was  the  same  as  that  for  the  companion  specimen.  For  those  test 

specimens  that  had  no  companion  specimen,  a  conservative  assumption  was 

made  that  their  f  and  f  values  were  the  same  as  for  the  companion 
cc  pp 

specimen  having  the  next  largest  strainrange. 

The  SRP  predictions  of  the  verification  tests  are  shown  in  Fig.  19a  and 
listed  in  Table  IX.  Except  for  the  dual- rate  tests,  the  verification 
tests  were  well  predicted.  The  dual-rate  tests  presented  special  problems 
in  partitioning  the  strains.  The  hysteresis  loops  of  these  tests  are  shown 
in  Figs.  10  and  11.  In  all  these  tests,  anomalous  behavior  occurred 
when  the  strain  rate  switched  from  fast  to  slow.  This  behavior  was 
similar  to  either  stress  relaxation  or  strain  recovery. 
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Could  not  be  accurately  partitioned 


18b  life  Predictions  of 


0.05  cpm 


Figure  19c  Lire  Predictions  of  Verification  Tests  by  the  Ostergren  Model 


20  -  .05  cpm 


Figure  19d  Life  Predictions  of  Verification  Tests  by  the  Damage-Rate  Model 
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For  the  20-0.05  cpm  and  0.05-20  cptn  tests,  stress  relaxation  took  place 

when  the  strain  rate  changed.  These  tests  were  partitioned  using  a  companion 

specimen,  as  was  the  case  for  the  0.05-cpm  tests.  The  hysteresis  loops 

of  the  companion  specimen  and  the  test  specimen  are  shown  in  Fig.  11. 

The  amount  of  creep  strain  was  12%  of  the  inelastic  strainrange  for  both 

tests.  Since  the  creep  strain  was  due  to  stress  relaxation,  the  0.05-20  cpm 

test  was  assigned  pp  and  pc  strain,  and  the  20-0.05  cpm  test  was  assigned 

pp  and  cp  strain.  It  should  be  noted  that  this  strain  assignment  is 

22 

opposite  that  which  these  tests  are  supposed  to  produce.  As  seen  in 
Fig.  11,  the  only  creep  strain  was  due  to  stress  relaxation. 

In  the  20-1/2-0.05  cpm  and  0.05-1/2-20  cpm  tests  where  the  strain  rate  was 
switched  halfway  between  the  peak  and  zero  strain,  c  process  similar  to 
strain  recovery  took  place.  Hysteresis  loops  for  these  tests  are  shewn 
in  Fig.  10.  Although  recovery  is  a  time-dependent  process,  it  is  not  clear 
whether  it  is  a  creep  process  and  should  be  considered  a  cp  or  pc  type 
of  strain.  Therefore,  it  was  decided  to  attempt  neither  to  partition 
these  tests  nor  to  predict  their  lives  by  the  SRP  method.  The  1-1/2-20  cpm 
test  was  not  predicted  because  a  companion  specimen  was  not  available. 

The  SRP  model  segregated  three  test  types — the  0.05-cpm,  0/10,  and  longlife 
cp  tests.  The  0.05-cpm  and  0/10  tests  were  consistently  overpredicted, 
sometimes  by  factors  greater  than  two  and  one-half.  All  of  the  cp  tests 
having  lives  greater  than  1700  cycles  were  underpredicted.  One  of  these 
underpredictions  was  by  five  and  one-half. 

The  consistent  overprediction  of  the  life  for  the  0.05-cpm  tests  indicates 
that  the  model  is  unable  to  predict  accurately  the  life  of  a  material  in  a 
regime  where  the  stress-strain  behavior  is  frequency  independent  but  the 
life  is  frequency  dependent.  The  flow  behavior  of  Rend  95  at  1200°F  (650°C) 
is  nearly  the  same  at  0.05  cpm  as  at  20  cpm.  However,  the  life  is  reduced 
by  one-half  at  0.05  cpm  as  compared  to  the  life  at  20  cpm.  SRP  accounts 
for  life  reduction  in  these  tests  by  the  detrimental  effects  of  creep 
expressed  through  the  cc  strainrange.  Since  little  creep  was  present  in 
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these  tests  the  cc  strain range  was  unable  to  account  for  the  damaging 
effect  of  the  slow  frequency.  The  SRP  model  treated  the  0.05-cpm  tests 
as  if  they  were  20~cpm  tests*  because  the  inelastic  strain  in  the 
0.05^cpm  tests  was  predominantly 

This  same  difficulty  occurred  for  the  dual-rate  teste.  The  value  of 

Ae  or  Ae  was  12X  of  Ac.  ,  and  could  not  account  for  the  damaging 
cp  pc  inel 

effects  of  these  waveforms, 

The  0/10  tests  and  the  long-life  cp  tests  were  also  segregated.  These  tests 
all  had  large  mean  stresses.  The  0/10  tests  that  were  overpredicted  had 
large  tensile  mean  stresses  which  may  have  decreased  the  life.  The  long¬ 
life  cp  tests  which  were  underpredicted  had  large  compressive  mean  stresses 
which  may  have  increased  the  life.  However*  some  0/10  and  10/0  tests 
having  large  mean  stresses  were  well  predicted  by  the  SRP  model.  Thus, 
what  effect  mean  stresses  have  upon  the  predictive  ability  of  the  SRP 
model  is  not  deer. 

The  SRP  Model  was  able  to  predict  the  majority  of  the  baseline  tests  to 
within  a  factor  of  two.  It  overpredicted  the  long-life  cp  tests  by 
as  much  as  five  and  one-half  times  the  observed  life  and  underpredicted 
the  0.05-cpm  tests  by  over  two  and  one-half  times  the  observed  life. 

All  the  verification  tests  were  well  predicted  except  for  the  0.05-20  cpm 
test.  This  test  was  underpredicted  by  ten  times  the  observed  life. 

Not  all  of  the  data  were  predicted  because  the  special  tests  necessary 
to  partition  them  were  not  conducted  or  the  means  of  partitioning  them 
was  not  clear. 

FREQUENCY-SEPARATION  MODEL 

4  5 

The  Frequency  Separation  (FS)  Model  *  postulates  that  the  basic  parameters 
necessary  to  predict  the  creep-fatigue  life  are  the  inelastic  strainrange, 
the  tension-going  frequency*  and  the  loop-time  unbalance.  Each  of  these 
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parameters  measures  a  different  aspect  cf  the  life.  The  inelastic 
stralnrange  Is  the  basic  measure  of  damage  in  low-cycle  fatigue.  In 
the  absence  of  time-dependent  effects  and  mean  stresses,  the  inelastic 
stralnrange  is  sufficient  for  predicting  the  lov-cycle-fati^ue  life. 

* 

The  tension-going  frequency  is  a  measure  of  the  time  period  during  which 
cracks  are  assumed  to  be  growing.  The  FS  Model  assumes  that  low-cycle 
fatigue  is  primarily  a  process  of  crack  propagation.  Propagation 
is  assumed  to  occur  only  when  the  crack  is  opening  because  this  opening 
causes  the  intense  local  strains  which  advance  the  crack  tip  by  local 
fracture.  Thus,  the  conditions  of  temperature,  frequency,  and  environment 
contribute  to  crack  growth  when  the  crack  is  opening.  It  is  assumed  that 
the  crack  is  opening  when  the  inelastic  strain  rate  is  positive.  Thus, 
the  tension-going  frequency  (the  reciprocal  of  the  tension-going  time)  is 
a  measure  of  the  time  during  which  fatigue  damage  by  crack  propagation 
is  occurring. 


The  loop-time  unbalance  is  the 
time,  which  can  be  expressed  in 
going  frequencies 


loop-time 


ratio  of  tension-going  to  compression-going 
terms  of  the  tension-going  and  compression- 


unbalance  * 


T 

C 


V 

c 


where  t  -  tension-going  time,  x  -  compression-going  time,  v  *  tension- 
t  c  t 

going  frequency,  and  ■  compression-going  frequency.  The  model  assumes 
crack  growth  to  be  dependent  upon  the  loop-time  unbalance.  The  crack-growth 
rate  is  assumed  to  be  higher  if  the  tension-going  time  is  longer  or  shorter 
than  the  compression-going  time,  depending  upon  the  particular  material. 


*The  tension-and  compression-going  frequencies  are  defined  as  the  reciprocal 
of  the  time  period  over  which  the  inelastic  strain  rate  is  positive  or 
negative,  respectively.  Their  use  in  the  literature  also  includes  the 
time  period  over  which  the  inelastic  strain  rate  is  zero,  which  occurs 
for  elastic  unloading.  The  time  spent  in  elastic  unloading  is  included 
in  the  tension-going  frequency  if  the  total  strain  rate  is  positive  or 
in  the  compress ion- going  frequency  if  the  total  strain  rate  is  negative. 
Determination  of  these  frequencies  is  illustrated  in  Fig.  20. 
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Figure  20  Illustration  of  Tension-Going 
and  Compression-Going  Time 
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These  three  parameters — ^e^ne^»  vt»  *nd  v  /vt~- are  combined  in  a  power- 
law  relationship  to  pred  it  the  cycles  to  failure 

Nf  •  C  4eln.l6  <8> 

where  C,  B,  m,  and  k  are  constants.  Thus,  the  FS  Model  extends  the 
Hoff in-Man son  Law  by  the  addition  of  two  frequency  terms. 

The  constants  in  Eq.  (8)  were  determined  by  a  least-squares  fit.  The  loga¬ 
rithm  of  each  side  of  the  equation  was  first  taken  in  order  to  linearize 
it.  In  the  least-squares  fit,  the  dependent  variable  was  the  cycles  to 
failure,  and  the  independent  variables  were  the  inelastic  strainrange 
and  the  frequency  terms.  The  value  of  the  inelastic  strainrange  was 
determined  from  the  inelastic-strain  strip  chart  as  explained  in  the 
description  of  the  Strainrange  Partitioning  Model.  The  values  of  the 
frequencies  were  controlled  during  the  test.  Table  X  is  a  list  of  the 
values  of  the  frequency  terms  for  the  different  types  of  tests. 

The  values  of  the  constants  in  Eq.  (8)  that  yielded  the  best  fit  to  the 
baseline  data  were:  C  -  0.456,  8  =  -1.11,  m  "  0,121, and  k  *  0,183. 

The  predicted  and  observed  lives  of  the  baseline  data  are  shown  in  Fig.  18b, 
and  given  in  Table  VLII.  The  scatter  band  was  3.6  and  the  standard  deviation 
0.18.  Of  the  baseline  tests,  only  the  cp  tests  were  segregated.  The 
trend  of  the  predictions  was  inconsistent  with  the  results  of  the  cp  tests. 
For  observed  lives  of  less  than  1800  cycles,  the  lifetimes  were  consistently 
overpredicted ;  for  lives  greater  than  1800  cycles,  the  lifetimes  were  all 
underpredicted,  some  of  these  underpredictions  being  three  and  one-half 
times  lower  than  the  observed  life. 

The  constants  obtained  for  Eq.  (8)  show  that  has  a  smaller  effect  upon 
fatigue  life  than  v  .  v  is  raised  to  the  m  minus  k  power,  which  is  -0.06, 
while  is  raised  to  the  0.18  power.  Also,  is  raised  to  a  negative 
power  which  indicates  that  the  fatigue  life  should  become  longer  as  the 
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TABLE  X 


VALUES  OF  THE  FREQUENCY  TERMS  USED  IN  THE 
FREQUENCY-SEPARATION  MODEL 


Type  of  Test 

V\ 

Vt 

2(  cpm 

1. 

40.  cpm 

0.05  cpm 

1. 

0.1 

1/0 

41. 

1.0 

10/0 

410. 

0.1 

0/1 

0.024 

40. 

0/10 

0.0024 

40. 

1/1 

1. 

1. 

10/10 

1. 

0.1 

20-0.05  cpm 

0.0024 

40. 

20-1/2—0.05  cpm 

0.0024 

40. 

0.05-20  cpm 

410. 

0.1 

0.05-1/2-20  cpm 

410. 

0.1 

1-1/2-20  cpm 

41. 

1. 

11/0 

41. 

1.0 

Q/ll 

0.024 

40. 

10/1 

10. 

0.1 

1/10 

0.1 

1.0 
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time  spent  In  tension  becomes  longer.  This  small  effect  of  v  and 

the  beneficial  effect  of  slower  v  are  contrary  tc  the  basic  postulate  of 

the  model  that  v  Is  a  major  parameter  which  affects  fatigue  life. 

The  FS  Model  was  able  to  predict  all  of  the  verification  tests  to  within 
a  factor  of  two  except  the  slow-fast  tests.  The  predicted  and  observed 
lives  are  shown  in  Fig.  19b  and  given  in  Table  IX.  All  of  the  slow-fast 
tests  were  overpredicted,  some  by  factors  greater  than  ten.  The  reason 
for  this  waveform  being  so  poorly  predicted  may  be  that  for  the 
baseline  data,  the  model  predicted  the  effect  of  the  tension-going  time 
to  be  negligible.  Thus,  the  long  tension-going  time  of  the  slow-fast 
waveform  was  ignored  by  the  model,  and  the  waveform  was  treated  as  a  20-cpm 
test  which  would  account  for  the  consistent  overprediction  of  this 
waveform. 

The  FS  Model  considered  the  following  sets  of  waveforms  to  have  identical 
lives  for  a  given  inelastic  strainrange:  20-0.05  cpm,  20-1/2-0.05  cpm, 
and  0/10;  0.05-20  cpm,  0.05-1/2-20  cpm  and  10/0;  0.05  cpm  and  10/10; 

1/0  and  11/0;  and  0/1  and  0/11.  From  the  test  results,  the  waveforms 
within  each  set  appeared  to  have  identical  behavior,  the  only  exceptions 
being  the  0.05-20  cpm,  0.05-1/2-20  cpm  a/r  i'j/0  waveforms.  The  0.05-20  cpm 
and  0.05-1/2-20  cpm  tests  were  more  damaging  than  the  10/0  tests.  The 
one  0.05-20  cpm  test  was  much  more  damaging  than  the  0.05-1/2--20  cpm 
tests. 

Furthermore,  three  groups  of  waveforms  had  the  same  value  for  tenuion- 
going  frequency.  Within  each  of  these  groups  the  lives  should  be  ordered 
such  that  those  waveforms  having  the  largest  values  for  the  loop-time 
unbalance  would  have  the  longest  lives.  These  three  groups  of  waveforms 
are:  20  cpm,  0/1,  0/11,  20-0.05  cpm,  20-1/2-0. 0r>  cpm,  and  0/10;  1/0, 

11/0,  1-1/2-20  cpm,  1/i,  and  1/10;  and  0.05-20  cpm,  0.05-1/2-20  cpm,  10/0, 
10/1,  0.05  cpm,  and  10/10.  Within  each  of  these  groups,  the  tests  are 
listed  from  the  largest  value  of  vc/v  to  the  smallest.  All  fatigue 


lives  followed  this  ordering  sequence  with  the  exception  of  the  0.05-20  cpm, 
0.05-1/2-20  cpm,  1-1/2-20  cpm,  10/1,  and  1/10  waveforms.  The  0.05-20  cpm, 
0.05-1/2-20  cpm  and  1-1/2-20  cpm  waveforms  have  been  discussed  previously. 
The  10/1  and  1/10  waveforms  did  not  have  shorter  lives  as  the  FS  Model  pre¬ 
dicted.  As  shown  in  Fig.  21,  the  lives  of  the  1/10  tests  were  similar  to 
those  of  the  1/1  tests,  and  the  10/1  tests  appear  to  be  similar  to  the 
10/0  tests.  In  each  of  these  cases,  the  value  of  v  /v  varies  by  a  factor 

G  b 

of  ten. 

Four  of  the  waveforms — 20  cpm,  1/1,  0.05  cpm,  and  10/10 — had  a  value  of 

1  for  V  /v  .  For  these  tests  the  FS  Model  predicts  that  the  waveform 
c  t 

having  the  highest  value  of  v  will  have  the  longest  life.  The  lives 
of  the  waveforms  did  follow  this  order. 

Overall,  the  FS  Model  predicted  the  results  of  most  of  the  baseline  and 
verification  tests  well.  Only  the  slow-fast  tests,  a  few  cp  tests,  and 
one  pc  test  were  poorly  predicted;  and  only  the  cp  tests  were  segregated. 
Five  waveforms — 10/1,  1/10,  0.05-20  cpm,  0.05-1/2-20  cpm,  and  1-1/2-20 
cpm — failed  to  follow  the  frequency  terms.  The  concept  that  vfc  controlled 
fatigue  life  did  not  appear  to  be  applicable  to  Rend  95  at  1200°F  (650°C). 

OSTERGREN  MODEL 

The  Ostergren  Model** is  based  upon  the  premise  that  low-cycle  fatigue 
is  primarily  a  problem  of  crack  propagation.  Accordingly,  cracks  nucleate 
very  early,  and  the  majority  of  the  life  is  spent  growing  these  cracks 
to  a  critical  size.  The  model  assumes  that  only  the  deformation  which 
occurs  when  the  crack  is  open  contributes  to  crack  propagation  and,  thuB, 
to  fatigue  damage.  The  measure  of  deformation  used  by  the  model  is  the 
hysteretlc  energy  absorbed  by  the  specimen.  As  a  first  approximation,  the 
model  assumes  that  the  crack  is  open  only  when  the  load  on  the  specimen  is 
greater  than  zero.  Thus,  the  model's  measure  of  fatigue  damage  is  the 
tensile  hysteretlc  energy  absorbed  by  the  specimen.  This  energy  is 
approximated  as  the  product  of  the  width  of  the  hysteresis  loop,  its 
height,  and  a  shape  factor 
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A  •  a  *  At 


(9) 


inel  °t 

where  A  is  the  area  of  the  tensile  half  of  the  hysteresis  loop,  a  the 
shape  factor,  t^ie  of  the  hysteresis  loop  and  inelastic  strain- 

range,  and  a  the  height  of  the  hysteresis  loop  and  the  peak  tensile  strength. 
The  shape  factor  corrects  the  area  approximated  by  *  °t  t0  ®she  it 

equal  the  true  area.  The  shape  factor  is  assumed  to  remain  the  same  for  all 
types  of  isothermal  tests.  Thus,  the  measure  of  fatigue  damage  in  the 
Ostergren  Model  is  given  by  Eq.  (5). 


The  life  is  predicted  by  postulating  a  power-law  relationship  between 
the  measure  of  fatigue  damage  and  the  life 
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(10) 


where  C  and  8  are  constants.  The  shape  factor,  a,  is  included  in  the 
constant,  C.  In  effect,  what  the  Ostergren  Model  has  done  is  to  modify 
the  Coffln-Manson  Law  by  the  addition  of  the  tensile  stress  to  the  inelastic 
strainrange.  It  should  be  noted  that  Eq.  (10),  like  the  Coffin-Manson 
Law,  is  valid  only  for  time- independent  fatigue. 


When  time-dependent  mechanisms  are  present,  as  in  the  creep-fatigue 
interaction,  Eq.  (10)  is  modified  by  a  frequency  term  which  takes  into 
account  the  time  dependency 
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m 
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where  m  is  a  constant  and  v  is  the  frequency.  The  frequency  selected  for 
use  in  Eq.  (11)  depends  upon  the  material  sensitivity  to  different 
waveshapes.  A  material  is  waveshape  sensitive  if  different  lives  result 
for  tensile  strain-hold,  compressive  strain-hold,  and  continuous- 
cycling  tests — although  all  tests  have  the  same  inelastic  3trainrange, 
tensile  stress,  and  cyclic  frequency.  If  the  material  is  insensitive 
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to  waveshape,  then  the  proper  value  for  frequency  in  Eq.  (11)  is  the 
frequency  of  the  entire  cycle.  If  the  material  is  waveshape  sensitive, 
then  the  frequency  term  chosen  in  Eq.  (11)  must  properly  reflect  this 
sensitivity. 


The  Ostergren  Model  was  used  to  predict  the  fatigue  life  of  AISI  304 
stainless  steel,  whose  life  was  degraded  by  waveshapes  in  which  more  time 
was  spent  under  a  tensile  strain  hold  than  under  a  compressive  strain  hold.** 
To  account  for  this  sensitivity,  the  following  frequency  term 
was  postulated: 


T  +  T  -  T 
0  t  C 


for  T .  >  T 

t  C 


(12) 


—  for  T  <  T 
T  t  -  C 

o 


where  tq  is  the  time  spent  in  cycling,  Tt  the  time  spent  in  a 

tensile  strain  hold,  end  r  the  time  spent  in  a  compressive  strain  hold. 

c 

This  term  decreased  the  frequency  for  continuous  cycling  by  the  net 
time  spent  in  a  tensile  hold.  The  approach  was  an  empirical  one  designed 
to  render  the  model  sensitive  to  tensile  strain  holds. 


Ren£  95  was  more  sensitive  to  compressive  strain  holds  than  tensile 
strain  holds.  Since  the  Ostergren  Model  has  not  addressed  itself  to  this 
tyne  of  sensitivity,  it  was  necessary  to  alter  the  model  slightly.  The 
frequency  term  used  to  make  the  model  sensitive  to  tensile  strain  holds 
was  changed  to  render  the  model  sensitive  to  compressive  strain  holds. 
The  frequency  spent  in  cycling  was  reduced  by  the  net  time  spent  in  a 
compressive  rather  than  a  tensile  strain  hold 
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Table  XI  Is  a  summary  of  the  different  formulations  of  the  Ostergren 
Model.  The  names  of  the  formulations,  coined  by  this  author  for  future 
reference,  refer  to  the  postulated  failure  mechanism  in  each  formulation. 

The  inelastic  strainra;  g  \  and  tensile  stress  used  to  fit  the  model  were 
measured  from  the  strip  charts,  as  discussed  in  the  description  of  the  SRP 
Model.  The  frequency  of  the  tests  was  a  controlled  variable  which  was 
held  constant  throughout  the  test.  The  values  of  the  frequencies  used 
for  the  different  types  of  tests  and  different  formulations  of  the  model  are 
listed  in  Table  XII.  The  constants  in  Eqs.  (10) and  (11)  were  obtained  by  a 
least-squares  fit  after  the  logarithm  of  each  side  of  the  equation  was 
taken.  Cycles  to  failure  was  considered  to  be  the  dependent  variable; 
and  the  inelastic  stralnrange,  tensile  stress,  and  frequency  were  considered 
to  be  the  independent  variables. 

Since  it  was  not  possible  to  determine  beforehand  which  of  the  formula¬ 
tions  of  the  model  was  appropriate  for  Rene  95,  all  of  them  were  fitted  to 
the  baseline  data.  The  constants  In  Eqs.  (10)  and  (11)  which  best  fit 
the  data  are  given  in  Table  XIII,  along  with  the  scatter  band  and  standard 
deviation.  Both  the  room-temperature  and  tensile-creep  formulations 
predicted  the  data  less  accurately  than  the  environmental  or  compressive- 
creep  formulations.  A  decision  was  made  not  to  use  the  room-temperature 
or  the  tensile-creep  formulation  because  neither  incorporated  the  time- 
dependent  effects  present  in  the  fatigue  tests.  The  room-temperature 
formulation  has  no  term  for  these  effects  and  is  not  designed  for  use  at 
elevated  temperatures.  The  frequency  term  of  the  tensile-creep  formulation 
is  raised  to  a  very  small  power,  0.02,  which  Indicates  almost  no  dependence 
of  life  upon  this  term. 

The  compressive-creep  formulation  extensively  segregated  the  data.  It  under¬ 
predicted  the  lives  of  most  of  the  20-cpm  tests,  and  it  overpredicted  the 
lives  of  all  cc  tests.  It  also  underpredicted  the  lives  of  the  long-life 
cp  tests.  Since  this  extensive  segregation  was  absent  from  the  environmental 
formulation,  the  compressive-creep  formulation  was  abandoned  and  the  environ¬ 
mental  formulation  was  adopted  as  the  proper  formulation  of  the  Ostergren 
Model. 
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TABLE  XI 


FORMULATIONS  OF  THE  OSTERGREN  MODEL 


N, 


C(Ae 


inel 


0t)e  v" 


Name 


Use 


v 


Ostergren  Room  No  time  dependency.  Not  used  (or  V  =  1) 

Temperature  Use  at  room  temperature. 


Ostergren  Environmental  Time  dependent.  Cyclic  frequency 

No  waveshape  sensitivity. 


Ostergren  Tensile 
Creep 


Time  dependent. 

Sensitive  to  waveshapes 
with  tensile  holds 
greater  than  compressive 
holds. 


- - - if  x  >  x 

x  +  x  -  x  t  c 

o  t  c 

~  if  T  <  T 

x0  t  -  c 


Ostergren  Compressive 
Creep 


Time  dependent. 

Sensitive  to  waveshapes 
with  compressive  holds 
greater  than  tensile 
holds. 


1 


x 

o 


+  X 

c 


if  x  >  xk 
c  t 


_i_ 

X 

o 


if  x 

c 


<  X 


t 
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TABLE  XII 


VALUES  OF  THE  FREQUENCY  TERMS  USED  IN  THE  OS1ERGREN  M3DEL 


Frequency  Term  For  The: 


Type  of  Test 

Environmental 

Formulation 

Tensile-  Creep 
Formulation 

Compressive- 

Creep 

Fornml  a  t  1  m. 

20  cpm 

20,  cpm 

20.  cpm 

20 .  cpm 

0.05  cpm 

0.05 

0.05 

0.05 

1/0 

1.0 

1.0 

20. 

10/0 

0.1 

0.1 

20. 

0/1 

1.0 

20. 

1.0 

0/10 

0.1 

20. 

0.1 

1/1 

0.5 

• 

o 

CM 

20. 

10/10 

0.05 

20. 

20. 

20—0.05  cpm 

0.1 

0.1 

0.1 

20-1/2-0,05  cpm 

0.1 

0.1 

0.1 

0.05-20  cpm 

0.1 

0.1 

0.1 

0.05-1/2-20  cpm 

0.1 

0.1 

0.1 

1-1/2-20  cpm 

1.0 

1.0 

1.0 

11  /O 

1.0 

1.0 

20. 

0/11 

1.0 

20. 

1.0 

10/1 

0.09 

0.1 

20. 

1/10 

0.09 

20. 

0.1 
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TABLE  XIII 

CONSTANTS,  SCATTER  BANDS,  AND  STANDARD  DEVIATIONS  FOR 
THE  VARIOUS  FORMULATIONS  OF  THE  OSTERGREN  MODEL 

"f  *  0  (iEinel  *  °t>S  v" 


Formulation 

C 

B 

m 

Scatter 

Band 

S  tandard 
Deviation 

Room  Temperature 

147. 

-1.026 

— 

4.2 

0.22 

Environmental 

162. 

-.976 

0.137 

3.6 

0.18 

Tensile  Creep 

144. 

-1.024 

0.016 

4.2 

Q.22 

Compressive  Creep 

123. 

-1.003 

0.138 

3.1 

0.17 
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Life  predictions  for  the  baseline  tests  using  the  environmental  formulation 
are  shown  in  Fig.  18c  and  are  given  in  Table  VIII.  The  scatter  band  was 
3.6  and  the  standard  deviation  0.18.  Most  of  the  tests  were  predicted 
to  within  a  factor  of  two.  One  pp  test,  two  pc  tests,  and  three 
cp  tests  yielded  predictions  greater  than  a  factor  of  two. 

The  life  predictions  for  the  verification  tests  are  shown  in  Fig.  19c 
and  are  given  in  Table  IX.  All  the  tests  except  a  11/0,  a  0.05-2C  cpm, 
and  a  0.05-1/2-20  cpm  test  were  predicted  to  within  a  factor  of  two. 

The  11/0  test  was  predicted  to  2.05,  slightly  above  a  factor  of  two.  The 
0.05-20  cpm  and  0.05-1/2-20  cpm  tests  were  underpredicted  by  factors  of 
5.2  and  4.1, respectively.  The  reason  for  the  poor  predictions  of  these 
slow-fast  tests  is  not  understood. 

The  Ostergren  Model  underpredicted  the  lives  of  all  the  cp  tests  having 
lives  greater  than  1700  cycles.  Also,  it  overpredicted  the  lives  of  the 
three  0/10  tests  and  all  but  one  of  the  pc  tests. 

The  Ostergren  Model  predicted  that  the  following  groups  of  waveforms  should 

have  the  same  life  for  the  same  value  of  Ae.  ,  x  cr  since  they  have  the 

lnel  t 

same  frequency:  1/0,  11/0,  0/1,  0/11  and  1-1/2-20  cpm;  20-0.05  cpm, 
20-1/2-0.05  cpm,  0.05-20  cpm,  0.05-1/2-20  cpm,  10/0,  and  0/10;  10/1  and  1/10; 
and  0.05  cpm  and  10/10.  The  tests  generally  were  identical  as  predicted 
by  the  model  or  the  data  were  inconclusive.  The  only  exceptions  were  the 
0.05-20  cpm,  0.05-1/2-20  cpm,  10/0,  and  0/10  tests.  Data  from  these  tests 
are  plotted  in  Fig  22.  The  0.05-20  cpm  test  had  a  much  shorter  life  than 
expected.  The  0.05-1/2-20  cpm  and  10/0  data  appeared  to  fall  on  one  line; 
and  the  20-0.05  cpm,  20-1/2-0,05  cpm,  and  0/10  data  appeared  to  fall 
on  another  line. 

According  to  the  Ostergren  Model, the  life  of  a  test  should  decrease  as 
the  test  frequency  is  decreased.  Figure  23  is  a  plot  of  the  baseline 
and  validation  tests  where  ^e^ne^x  at  is  plotted  as  a  function  of  life. 


Figure  23  Ae.  ,  *  o.  as  Function  of  N 
lnel  t 


It  can  be  seen  that  the  life  does  not  always  decrease  for  a  decreasing 

frequency.  The  1/0  and  11/0  tests  have  a  lower  frequency  than  the  20-cpm 

tests;  yet,  in  some  cases,  the  1/0  and  11/0  tests  last  longer  than  the 

20-cpm  tests.  Also,  the  10/1  and  1/10  tests  are  not  nearly  so  damaging 

as  would  be  expected  from  their  low  value  of  frequency.  On  the  other 

hand,  the  0/10  tests  are  more  damaging  than  their  frequency  terms  would 

suggest.  The  0.05-20  cpm  and  0.05-1/2-20  cpm  tests  have  the  same  value  of 

frequency,  but  they  do  not  have  the  same  life  with  respect  to 

Ae.  ,  x  a  «  The  0.05-20  cpm  test  and  one  of  the  0.05-1/2-20  cpm  tests 
inel  t 

were  the  most  damaging  and  could  not  be  accounted  for  by  the  Ostergren 
Model . 


In  summary,  the  Ostergren  Model  was  able  to  correlate  most  of  the  baseline 
data  and  to  predict  all  the  validation  tests  except  some  of  the  slow/fast 
tests.  The  model  segregated  only  two  parts  of  the  data.  However,  the 
tests  did  not  always  follow  the  behavior  expected  of  them  by  the  model. 


DAMAGE  RATE  MODEL 


8  9  10 

The  Damage  Rate  Model  (DEM)  ’  ’  is  based  upon  the  premise  that  low- 

cycle  fatigue  is  primarily  a  process  of  crack  propagation  and  cavity  growth. 

Microcracks  and  cavities  are  assumed  to  be  originally  present  in  the  virgin 

material,  and  the  majority  of  the  low-cycle-fatigue  life  is  spent 

growing  these  microcracks  and  cavities  to  a  critical  size  at  which 

time  they  link  up  and  form  a  macrocrack.  Once  a  macrocrack  is  formed,  it 

propagates  rapidly  until  fracture  takes  place. 


The  model  postulates  a  growth  law  for  the  microcracks  and  cavities 


da 

dt 


f-  KnJ”  IW‘ 

L‘C  Kiel1”  !linellk 
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compressive  stress 
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in  the  presence  of 
tensile  stress 

in  the  prerance  of 
compressive  stress 
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where  a  is  crack  length,  c  is  cavity  length,  t  is  time,  e.^  ^  is  the  ine’  stlc 

strain,  e.  ,  is  the  inelastic  strain  rate,  and  T,  C,  G,  m,  k,  and  k  are 
inel  c 

constants.  The  law  states  that  microcrack  and  cavity  growth  is  a  function  of 
the  inelastic  strain  and  the  inelastic  strain  rate.  The  microcrack  *s  assumed 
to  grow  at  different  rates  under  compressive  and  tensile  stresses.  The  cavity 
is  assumed  to  shrink  under  a  compressive  load.  However,  the  cavity  is  not 
allowed  to  have  a  size  which  is  less  than  the  initial  cavity  size. 


The  growth  laws  of  Eqs.  (14)  and  (15)  are  integrated  over  the  specimen  life 

from  the  initial  microcrack  and  cavity  size  to  the  critical  crack  and  cavity 

size  when  a  macrocrack  is  formed.  The  integration  is  performed  over  an  ideal 
* 

cycle  in  which  the  peak  tensile  and  compressive  stresses  are  equal,  the  peak 
tensile  and  compressive  inelastic  strains  are  equal,  and  the  inelastic  strain 
rate  is  constant.  The  critical  crack  and  cavity  size  which  causes  failure  is 
determined  from  a  microcrack  and  cavity-growth  interaction  equation 


In  a  /a  In  c/  c 

- 2_  + - - 

In  «f/aQ  In  cf/C(} 


(16) 


where  aQ  is  the  initial  crack  size,  af  the  critical  crack  size,  cQ  the  initial 
cavity  size,  and  c^  the  critical  cavity  size.  When  Eqs.  (14)  and  (15)  are  inte¬ 
grated  over  such  an  ideal  cycle  and  Eq.  (16)  is  used,  the  predictive  equations  of 
the  DRM  result.  For  continuous  cycling  at  a  constant  frequency  or  strain  rate 


where  A  •  [(C  +  T)/2)/[ln(aj/ao)J  and  A  ia  a  constant.  For  hold  times 


‘Strictly  speaking,  the  integration  should  be  performed  over  the  actual  cycle 
observed  in  the  test.  However,  the  DKK,  as  its  authors  presently  propose 
it,  makes  use  of  the  equations  developed  from  Integrating  an  ideal  cycle. 

Use  of  the  observed  cycle  instead  of  the  ideal  cycle  would  create  a 

different  model. 
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where  D  is  the  damage  due  to  crack  growth,  D  is  the  damage  due  to 

3  G 

cavity  growth,  tfc  the  time  spent  in  a  tensile  hold,  tc  the  time 
spent  in  a  compressive  hold,  e^ne^  max  *s  t*ie  inelastic  strain  at  the 


beginning  of  the  tensile  hold  time,  e 


inel  min 


the  inelastic  strain  at 


the  beginning  of  the  compressive  hold  time,  and  C/T  s  a  constant. 

In  Eq,  (18)  the  first  term  on  the  right-hand  side  is  the  damage  caused  by 
continuous  cycling,  the  second  term  is  the  damage  due  to  a  tensile  hold, 
and  the  third  term  is  the  damage  caused  by  a  compressive  hold.  In 
Eq.  (19)  the  first  term  on  the  right-hand  side  is  the  damage  caused  by 
a  tensile  hold,  and  the  second  term  is  the  healing  due  to  a  compressive 
hold.  For  F/S  (fast-slow)  tests 
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where  ,  ,  la  the  inelastic  strain  rate  for  the  fast  rate  and 

£.  ,  „  the  inelastic  strain  rate  for  the  slow  rate, 
inel  a 
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For  S/F (slow-fast)  tests 
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The  cavity  growth  law  of  Eq.  (15)  can  also  be  integrated  over  the  life  of 
a  creep  test  in  order  to  predict  the  time  to  failure. 


-  C'  <h»el> 


k  +  m 
c _ 

1  +  m 


where  is  the  time  to  failure  and  C  is  a  constant.  In  order  to  obtain 
this  result,  the  following  assumptions  were  made:  a  constant  inelastic 
strain  rate,  a  constant  critical  crack  size,  and  that  only  cavity 
growth  occurs. 


The  values  of  the  constants  A,  m,  and  k  were  determined  by  fitting  Eq.  (17) 
to  a  data  set  consisting  of  the  20~cpm  and  0.05-cpm  tests.  The 
value  of  k^  was  found  by  fitting  Eq.  (25)  to  the  creep  data.  A  least- 
squares  fit  was  used  where  the  time  to  failure  vras  considered  to  be  the 
dependent  variable.  The  secondary  creep  rate  observed  in  the  creep 
tests  was  used  as  the  inelastic  strain  rate.  Thr:  value  of  G  can  be 
determined  from  the  slow-fast  tests.  However,  a  value  of  G  for  Rene  95 
wae  not  determined.  The  reason  for  this  will  be  explained  later. 

The  ratio  of  C/T  used  in  Eqii.  (18),  (21),  and  (22)  was  estimated  from  the 
cp  and  pc  tests.  For  tects  having  the  same  value  of  inelastic  strainrange, 
the  C/T  ratio  was  set  equal  to  the  ratio  of  tlit.  life  of  the  pc  test  to 
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that  of  the  cp  test.  This  procedure  was  used  to  estimate  the  relative 
reduction  in  life  caused  by  the  compressive  hold  period  as  compared  to  the 
tensile  hold  period. 


The  value  used  for  the  inelastic  strain  rates  was  the  inelastic  strain- 
range  divided  by  the  time  required  to  traverse  this  strainrange 


Ae 


inel 


'inel 


time  for  1/2  cycle 


Ae 


inel 


inel  f  time  for  fast  portion  of  ramp 


Ae 


inel 


'inel  s  time  for  slow  portion  of  ramp 


It  has  been  demonstrated  for  stainless  steels  in  Ref.  8  that  the  DRM  is 
insensitive  to  the  waveform  which  the.  inelastic  strain  follows — ramp, 
sine,  or  parabolic  waveform.  It  was  assumed  that  for  Rene  95  the  model 
was  also  insensitive  to  these  different  waveforms. 


In  order  to  evaluate  the  integrands  in  Eqs.  (18)  and  (19),  It  was  necessary 
to  determine  the  inelastic  strain  rate  as  a  function  of  time  during  the 
hold  period.  This  function  was  determined  by  assuming  that  the  stress- 
relaxation  behavior  during  the  hold  period  is  described  by 

a  =  0q  ~  B  In  (t  +  1)  (26) 

where  a  is  the  stress  at  time  t,  C  the  stress  at  the  beginning  of  the  hold 

o 

period,  B  is  a  constant,  and  t  is  tine.  Wher.  Eq.  (26)  was  divided  by  the 

modulus  of  elasticity  and  differentiated  with  respect  to  time,  the  inelastic 

* 

strain  rate  as  a  function  of  time  resulted 

.  _  -dq/dt  m  B  1 

inel  =  E  E  (t  +  1) 


tfThe  stress  which  was  relaxed  was  assumed  to  be  converted  into  inelastic 
strain. 
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The  value  of  the  constant  B  was  found  separately  for  each  test  by  using  the 
value  of  the  stress  at  the  end  of  the  hold  period 


B 


<7  -  a(t,  ) 
o _ n 

ln(th  +  1) 


where  t^  is  the  time  of  the  hold  period  and  a(t^)  the  stress  at  the  end 
of  the  hold  period. 


The  value  of  the  inelastic  strainrange  used  in  the  cycling  term  of 
Eq.  (18)  was  taken  to  be  the  average  of  the  inelastic  strain  generated  by 
the  tensile  and  -ompressive  cycling.  As  shown  for  a  cp  test  in  Fig.  24, 
the  inelastic  strain  generated  by  tensile  cycling  was  different  from  that 
generated  by  compressive  cycling.  This  difference  also  occurred  in  the 
other  strain-hold  tests.  The  inelastic  strain  rate  used  in  the  cycling 
term  of  Eq.  (17)  was  this  inelastic  strainrange  divided  by  the  time 
spent  in  cycling. 


The  values  of  e.  ,  and  e.  ,  .  used  in  Eq. 

inel  max  inel  min 

from  the  peak  stresses  and  the  total  strainrange 


(18)  were  calculated 


e 


inel  max 


einel  min  2  E 

where  a  is  the  stress  at  the  start  of  the  tensile  hold  period  and  a 
t  G 

the  stress  at  the  start  of  the  compressive  hold  period.  These  values 
represent  the  inelastic  strain  at  the  beginning  of  the  hold  period  and  are 
given  by  the  total  strain  at  this  point  less  the  elastic  strain.  The 
total  strain  was  controlled  in  the  test.  The  elastic  strain  was  the  stress 
divided  by  the  modulus  of  elasticity. 


Preliminary  examination  if  metallogrcphic  sections  of  cp  and  S/F 
test  specimens  using  an  GEM  revealed  no  evidence  of  cavity  damage. 
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Therefore,  Eqs.  (19)  and  (23)  which  take  Into  account  the  cavity  damage 
were  not  used.  This  assumption  of  no  cavity  damage  was  justified  by  the 
life  predictions  which  will  be  discussed  later. 

It  should  be  noted  that  in  the  use  of  the  above  procedure  to  fit  the  DRM 
to  the  data,  no  constants  were  determined  in  order  to  give  the  best  fit 
for  the  strain-hold  tests.  Thus,  the  strain-hold  tests  constitute  a 
verification  of  the  DRM  . 

The  constants  used  in  the  DRM  were 

m  -  0.2395  k  -  0.8340 

c 

k  -  0.8705  C/T  -  2. 

A  -  1.650 

These  constants  were  used  in  Eqs.  (17),  (18),  (21),  and  (22)  to  predict 
both  the  baseline  and  verification  tests.  These  life  predictions  are 
shown  in  Figs.  18d  and  19d  and  are  given  in  Tables  VIII  and  IX.  The  scatter 
band  for  the  baseline  tests  was  5.1,  and  the  standard  deviation  was  0.24. 

In  order  to  predict  the  lives  of  the  cp  and  the  cc  tests,  only  Eq.  (18) 
was  used.  It  was  assumed  that  no  cavity  growth  occurred.  This  assumption 
was  justified  because  the  lives  of  these  tests  were  either  accurately 
predicted  or  underpredicted.  If  cavity  growth  did  occur,  then  the 
lives  would  be  expected  to  be  overpredicted  because  of  the  unaccounted 
for  cavity  growth. 

The  DRM  was  able  to  predict  all  the  verification  tests  except  three  of 
the  S/F  tests,  which  were  overpredicted  by  as  much  as  8.9  times  the 
observed  life.  Equation  (22)  was  used  to  predict  these  tests.  An 
attempt  was  made  to  use  Eq.  (23)  to  account  for  cavity  growth.  The 
value  of  G  was  determined  for  each  test  by  equating  the  predicted  life 
a..  1  the  observed  life.  The  values  of  G  ranged  from  18.7  to  -0.2. 

Since  no  value  of  G  could  be  obtained  which  was  similar  for  each  of  the 
S/F  tests,  the  cavity-growth  equation  was  assumed  to  be  inappropriate 
and  was  not  used  to  predict  these  tests. 
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The  DRM  segregated  the  cp  and  pc  tests.  All  of  the  cp  tests  having  lives 
greater  than  1700  cycles  were  underpredicted.  As  the  lives  became  longer, 
the  predictions  became  less  accurate.  The  lives  of  all  the  pc  tests  were 
overpredicted.  These  predictions  became  worse,  as  the  length  of  the  hold 
time  was  increased. 

One  possible  reason  for  the  cp  and  pc  tests  being  segregated  is  that 
these  were  the  only  tests  having  large  mean  stresses.  The  DRM  as  used 
in  this  evaluation  did  not  take  into  account  mean  stresses.  The  crack- 
growth  law  of  Eq.  (14)  was  integrated  over  an  ideal  cycle  in  which  the 
mean  stress  was  zero.  If  the  crack-growth  law  were  integrated  over  a 
cycle  that  did  contain  mean  stresses,  then  better  life  predictions  might 
result. 

A  conceptual  difficulty  arises  in  the  assumed  crack-growth  equation,  Eq . 
(14).  The  appropriate  value  of  C/T  used  for  Rend  95  was  2.  This 
indicates  that  the  crack  growth  under  a  compressive  stress  is  twice  as 
great  as  that  under  a  tensile  stress,  contrary  to  what  would  be  expected. 

The  DRM  was  able  to  predict  the  majority  of  the  fatigue  tests  to  within 
a  factor  of  two.  Some  cp,  pc,  and  S/F  tests  were  not  predicted  within 
a  factor  of  two.  The  long-life  cp  tents  and  all  the  pc  tests  were 
segregated. 


SECTION  V 

COMPARISON  OF  THE  MODELS 

None  of  the  models  was  able  to  predict  the  baseline  tests  to  within  the 
desired  scatter  band  of  two.  The  smallest  scatter  band  of  3.6  was  achieved 
by  both  the  Frequency-Separation  and  Ostergren  Models.  The  largest  scatter 
bands  were  5.1  :or  the  Damage-Rate  Model  and  5.4  for  the  Strainrange- 
Partitioning  Model.  The  standard  deviation  of  the  predictions  followed 
this  same  order.  This  order,  along  with  the  scatter  bands  and  standard 
deviations,  is  given  in  Table  XIV. 

Based  upon  the  scatter  band  and  the  standard  deviation,  the  Frequency- 
Separation  and  Ostergren  Models  were  able  to  predict  the  baseline  tests 
equally  well  and  significantly  better  than  the  Damage-Rate  Model  and  the 
Strainrange-Paritioning  Model.  Between  the  Damage-Rate  and  Strainrange- 
Partitioning  Models,  there  was  little  difference  in  the  scatter  band  and 
standard  deviation. 

None  of  the  models  was  able  to  predict  all  of  the  verification  tests  to 
within  a  factor  of  two.  No  model  predicted  all  of  the  slow-fast  tests. 

The  remainder  of  the  verification  tests  were  well  predicted  by  all  of 
the  models.  The  ability  of  each  model  to  predict  the  verification  tests 
is  also  given  in  Table  XIV. 

All  of  the  models  segregated  sections  of  che  bseline  data  set  to  some 
extent.  Table  XV  lists  the  segregation  for  each  model.  The  data  were 
segregated  the  least  by  the  Frequency-Separation  and  Ostergren  Models 
and  most  by  the  Damage-Rate  and  Strainrange-Far titioning  Models.  The 
Frequency-Separation  Model  had  the  wrong  trend  for  the  cp  tests.  The 
cp  tests  having  short  lives  were  overpredicted,  and  those  having  long 
lives  were  underpredicted.  The  Ostergren  Model  underpredicted  the  ev> 
tests  having  long  lives  and  overpredicted  the  0/10  tests.  The  Damage- 
Rate  Model  also  underpredicted  the  long-life  cp  tests  but  overpredicted 
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TABLE  XIV 


OVERALL  ABILITY  OF  THE  MODELS  TO  FIT  TOE  DATA 


Model 

Scatter 

Band 

Standard 

Deviation 

Ability  to  Predict 
Verification  Tests 

Frequency  Separation 

3.6 

0.18 

All  predicted  ex¬ 
cept  S/F 

Ostergren 

3.6 

0.18 

All  predicted  ex¬ 
cept  S/F 

Damage-Rate  Model 

5.1 

0.24 

All  predicted  ex¬ 
cept  S/F 

Strainrange  Partitioning 

5.4 

0.23 

All  predicted  ex¬ 
cept  S/F 

TABLE  XV 


SEGREGATION  OF  THE  DATA  BY  THE  MODELS 


Model 

20  cpm 

0.05  cpm 

preqviency 

Separation 

None 

None 

Ostergren 

None 

None 

Damage- Rate 
Model 

None 

None 

S  trainrange 
Partitioning 

None 

Overpredicts 
at  all  lives 

SE 


££ 


cc 


Underpr edicts  None 

st  short  lives; 
underpredicts 

at  long  lives 


None 


Underpredicts  Overpredicts  None 

at  long  lives  10-min.  holds 

Underpredicts  Overpredicts  None 

at  long  lives  at  all  lives 


Underpredicts  Overpredicts  None 

at  long  lives  10-min.  holds 
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all  of  the  pc  tests.  The  Stralnrange-Partitioning  Model  underpredicted 
the  long-life  cp  tests  and  overpredicted  the  0/10  tests.  It  also 
overpredicted  all  of  the  0.05-cpm  tests.  Thus,  the  amount  of  segregation 
of  the  data  by  the  models  followed  the  same  trend  as  the  life  predictions. 

In  general,  these  tests  having  large  mean  stresses  were  poorly  predicted 
by  all  of  the  models.  However,  some  tests  having  large  mean  stresses  were 
well  predicted.  Thus,  the  influence  of  mean  stress  could  not  be 
definitely  determined.  Nevertheless,  the  general  trend  seemed  to  be 
that  the  models  had  difficulty  handling  mean  stress  effects. 

Each  model  curve  fit  the  baseline  data  in  order  to  predict  its  life. 

As  the  curve  fitting  of  the  data  became  more  extensive,  it  became  more 
difficult  to  determine  whether  the  life  predictions  were  due  to  the 
correct  functional  form  and  variables  in  the  model  or  due  to  the  curve¬ 
fitting  routine.  Of  the  four  models,  the  Damage-Rate  Model  depended 
the  least  upon  curve  fitting  the  data  and  the  Stralnrange-Partitioning 
Model,  the  most. 

The  Damage-Rate  Model  curve  fit  the  20-cpm  and  0.05-cpm  tests  to  determine 
three  constants.  The  fourth  constant  was  estimated,  and  the  other  constant 
in  the  model  were  not  used.  These  four  constants  were  used  to  predict 
the  hold-time  tests  without  determining  any  constants  to  give  a  "best 
fit." 

The  Strainrange-Partitioning  Model  divided  the  baseline  tests  into  four 
* 

subsets  and  determined  the  two  best-fit  constants  for  each  subset. 

This  procedure  resulted  in  a  total  of  eight  constants. 

The  Frequency-Separation  and  Ostergren  Models  curve  fit  the  entire 
baseline  data  set  without  dividing  it  into  subsets.  The  Frequency- 
Separation  Model  used  four  constants,  and  the  Ostergren  Model  used  three. 

*The  0.05-cpm  tests  were  not  used  to  determine  the  constants  in  the 
SRP  Model  due  to  problems  in  partitioning  them.  These  problems  are 
discussed  in  the  section  on  the  SRP  Model. 


♦ 
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Each  model  required  a  different  amount  and  degree  of  effort  in  order  to  be 
used  to  predict  the  data.  The  most  difficult  model  to  use  was  the  Strainrange- 
Partitioning  Model .  The  Frequency-Separation  and  Ostergren  Models  were 
the  easiest.  The  Strainrange-Partitioning  Mod'll  required  the  inelastic 
strain  to  be  partitioned  into  creep  and  plastic  strains.  A  companion 
specimen  was  required  to  partition  the  continuous-cycling  tests. 

The  Damage-Rate  Model  employed  four  different  equations  to  predict  the 
tests.  In  these  equations,  the  inelastic  strain  rate,  the  maximum  and  minimum 
Inelastic  strains,  and  the  stress-relaxation  behavior  had  to  be  calculated. 

The  Ostergren  and  Frequency-Separation  Models  require  the  frequency,  in¬ 
elastic  strainrange,  and  tensile  stress  to  be  known.  The  frequency  is 
usually  controlled  in  a  test,  and  the  other  two  variables  may  be  directly 
measured  from  the  test  record. 


SECTION  VI 


CONCLUSIONS 


None  of  the  models  was  able  to  predict  all  of  the  baseline  tests  or 
all  of  the  verification  tests  to  within  the  desired  scatter  band  of  two. 
The  Frequency-Separation  and  Ostergren  Models  predicted  the  data  more 
accurately  than  the  Damage  Rate  and  Strainrange-Partltioning  Models. 
However,  the  scatter  band  of  the  Frequency-Separation  and  Ostergren 
Models  was  3.6  for  the  baseline  tests,  All  of  the  models  segregated  the 
data  to  some  extent,  which  indicates  a  deficiency  in  the  basic  formulation 
of  the  model.  Thus,  none  of  the  four  models  studied  was  able  to  predict 
the  fatigue  behavior  of  Rene  95  at  1200“F  (650°C). 
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